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Al)stlact

Interfcrolnctry  at radio frcquerlcics bctwccn  l;artli-basccl receivers separated by in-

tercontirlenta]  distances has made significant contributions to astrornetry  and gco-

I,hysics during the past  thrwc decades. Analyses of SUC}I very long base]irle intcr-

fcrometric  (VIJII1)  experiments now pcrrlli( measurements of relative positions of

l,oints  or) the I;artb’s  surface, and angles between celestial objects, at tbc levels of

1 crn and 1 nanoradian,  resl)ectivcly.  ‘1’bc relative angular positions of cxtragalac-

tic radio sources inferred from this technique l)rcsently  forrrl the best rcalizatio~l of

an inertial reference frame. ‘]’his review surn]])arizes  the current theoretical ]nod-

els tha~ are needed to extract results from the Vl,ll] otmervables  at such levels of

accuracy. An unusually broad cross-scctio]l  of I)bysics  contributes to the required

rllodeling.  IIotb special and general relativity need to be c.orlsidered in pro~)criy

forlllulating  the geometric ],art of the })rol)agatiorl  delay. While high-altitude atll)o-

sl)heric charged ]Iarticlc  (iol]os}~hcric)  cfkc[s arc easily calibrated if ~ncamrerncrlts

arc performed crnployirg  at least two well separated frequcncics,  the contribution of

the rleutral atrr]osl)hcre  at lmvcr a]titucles is more difficult to remove. Misrnodcling

of the tro])crsphcrc  in fact. remains the currcrit]y  dominant error source. Numerous

s~nal] periodic and quasi-periodic tidal eflects also make i]nportant  contributions
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t,o sljace geodetic olmrvab]cs  at tile cc]lti]llctcr levc], arid so]ne  of these are just

beginning to be characterized. Anotl]cr  area of currcnlt  ra],id advances is the spec-

ification of the oricntatio]] of the l;arth’s  sl~in axis ill i]lcrtial space (nutation  a]ld

[)reccssion),  ‘1’he  orclcr-of-~]~ag]]it~]clc illiprovc]l]e~]t  of accuracy that was ac}lieved

during the last decade provides essential i[]l)ut tcj geophysical ~nodcls of the l;arth’s

i]lterr]al structure. Most aspects of V1, }ll [Iloctclirlg arc also directly a~)l)]icat)le to

inter] )retation  of other space geodetic rneasurel]lcnts, such as active and passive

ra]lging to Earth-  orbitilig  satellites, interplanetary spacecraft, and the MOOII.

95.75Kk, 95.701)k,  95.10Jk
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Symbols and Abbreviations

Aij

H

IJ’ij

1;111

l;ll’hl

13WS

cl)}’

Cltl

Clo

Cq,j

C,j

c

1)

l)SN

1)ss

1/’

1“

.f

G

G1’s

(;SPC

.Y

!l

![; ,2,3

11

117

nut, ation alllplitudm ill lol]gjitucle

Lasclirlc vector

nutatioll alnpliiudes ill ob]iquity

Bureau IIlterl)at,iol)al de l’lleure

Ilureau  IIltcmlatiol)al clcs l)oids et, Alcsures

bandwidth  syl)tl~csis

Crustal  l)yllalllic.s l’rojc’ct

Con)lccicd  IIlcmcnlt IIltclrfcmll”letly

Colmxtiol]al  lnkrllatiollal  Oligill

planetary nutation  alnp]itudcs  iJl longitude [Kq. (2.1 36)]

planetary llutation  amplitudes  i]) obliquity [1’k~. (2.137)]

specxl  of light

obliquity of hlool] from SUII

l)ecp Space iVctwork

l)ccp Space Station

elevation angk

latitude algumcnt  of hlool!

l;arth  flattcl]illg  factor

utlivcmal  gravitatio]la]  constant

Global Positioliing  System

Goddard Spaccl’light  Cmlter

ICart}l surfacc  gravitational accclcratioll

allglefor  barycclltliccl  j~llaI~licti  ll]c[ltc~. (2.34)]

localtidald  isplacclnmlts(i  = 2,3: c~llacllu~~olc,octll~~olc)

IIour angle

l]our arlglcof lllcarl  cclllil\oxof  date
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Iii

h ~ ,2

1 AIJ

11’:1/s

11{1s

llJGG

J])

J]’],

k

1

1’

ll$;

lJ

lhf

1.%

1}7

11

Ml+;]{]’]’

Mrllrl’

‘m

1111,

M,{,. ,

iv

N’

~ACJA

NIX)S

NIS’ll

vert ical  IJovc IIumbcr  (i = 2,3: quadru  Imlel octuj)olc)

io]~ospherc  or troposphere IIeight li]]lits

lntcrnationa]  AstronoInical  Illlioll

II)tcrnatiollal  F;artb ]{otatiol] Service

IIItcrnational  l{aclio  lllterfclolli ctlicSllrt’eyillg

lntcmational  [Jnioll of Gcoclcsy  and  (;cophysics

Julia]) elate

Jet l’ropulsioli  laboratory

unit. vector in sigllal  propagation direction from source

mean anomaly of MoorI

lnean  anomaly of SuTI

recall  anolna]y  of l’}arth

~ncan anomaly of Jupiter

]ncal) anomaly of hlars

mean  anoma]y  of Saturn

meal] anolna]y  of Venus

llorizonta]  I,OVC number (i = 2,3: quadrupolc,  octupolc)

Mo]litor  Itarth Rotation a~ld IIltercomparc  ‘J’ccht]iqucs

Mapping ‘J’cmpcrature  ‘1’cst

spcccl of precession in right ascension

Inass of body p

first  moment of wet troposphere refractivity

nutatiorl  transformation Inatrix

lunar nodcargulncmt

National  Amonautic.s  and Sl)acc Aclll~il]istlatioll

National l;arth  oriclitation  Scrvicc

National institute of Standards and ‘J’ccllnology
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Nlvil?

NNlt

NOAA

NRA()

Nuvcl

Niell (uc\v)  mapping fUllCtiOll

No Net  I/otatiol)

INatiol)al  occallic al]cl  At~l~os~)llcric Ad]llinistratioll

Natio]lal  Radio Astrollolny  observatory

new (tcctollic)  velocity II Iodel

refractive i]ldcx

sj)ccd of prec,essioll  ill dcc.lil~atioll

l)rccmsion  transformation matrix

cxtmdcd  prcssum aliolnaly

local prcxsurca~lolt)aly

gcl]cral  precession

llll]isolar~~rccessioll

planetary prczession

Yotatioll  matrix for tmmstrial to cclcstial  trallsformation

}tarth  cquatolial  radius

SS1) l+larth  celltclc  oordillatc’s

positiou  of~)ertllrbillgsollrc.e  iu terrestrial systcvIl

clistauc.cfrom  ]Iarth togravitatiltg  body (;

dry, wet troposphere lllalJ~JiIIF,fllllctiol]

ullit  vector in raclial  direction

classical elmt,rou  radius

statiol)  position ill tcrrmtrial  systelll

station positio)l  ill celestial systcrn

~)llasc shifted station  positiol~

~)ositio]l  ofgravitatillg  body  s

station positiol~ ill terrestrial systcln

SS11 ljositioll ofstatioll  1,2
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rdat<

rsp

S(h’)

s/x

SC]’

Ssll

S+j

S,j

‘1’l)lj

‘J’l)rl’

‘1’lth41’O

,,lg

,,1.

tfJ

i~

t;

f2

tc

l~r

[J

[J

USN()

LJrl’l

Url’c

LJrl’1’h4

U > 2)

v

station positiol)  of dak

station  radius froln spill  axis

sla]}t  range factor

S-band + X-ba~ld

Spacc  Gcodcsy  l’reject

Solar Systc.m Ilarycclltcr

planetary nutation  alnplitudcs  ill

planetary nuiatiotl  aml)lituclcsil~

telnps  dyllal~”]icl~le  baryccI)tri(lllf!

krrcstrial  clyllamic. tilne

IOngitudc

obliquity

‘J’in]cand  Earth Motioll Precisio~l Obsc:rvatiol]s

galacticrotation  period

tilne in centuries sil)cc  J2000

reference tilrlc

time of arrival of wave front  at stjatioll  1

proper tilnc of arrival of wave frx)llt at station 1

of arrival of wave fro]lt at station 2

of elnissioll  by source

transit tilne

transfornlatioli  ]natrix

gravitational potemtial

lJ. S. Naval Observatory

universal tilne 1

universal  tilne coordinakcl

ullivw-sal  tilnc and polar rllotioll

projcxtions  of 13 01] plalm of sky

trallsfornlation  Irlatrix  froln local to l{kirtll-fixed fralnc [1’;cl.  (2.66)]
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\~crtical,  l;ast, North (local coordillatcs)

Very l,o]]g }Iaseline Array

Very l,ollg IIasclinc  lnt,crfc’roltletry

astro~)wnical  argulnmlt  of tidal  cc)l~stit,uclll-  7’

atlnosl~heric  tcv])peraturc  lalm rak

transforlnatiol]  matrix frolll  10CZI1 to l’;artl)-fixed  fralnc  [}k~. (2.65)]

Water Vapor }{adiolneter

polar lnotion  tral}sfonllation  lnatrix, x co]npollc]lt

cartcsian coordinates of station i

cartcsiarl  coordinates of station ? at reference tilnc

cartesial]  vclocitim  of statioll  i

polar mot,ion tramforlnatioll  Illatrix,  y colnponcllt

auxiliary angk for precession [}~q. (2.149)]

Zhu,  Mathews, occal)s,  A1lclasticity  (Iluiatiol)  xnodel)

right ascension

ccluation  of equilloxcs

vcloc.ity  of station 1, 2

,gmlcral relativity (l)aralxlctriz,cd  l)ost-Nc\\toIliaTl)  gaInlna  factor

total ticlal  s}lift in tcxrcstlrial cool dillatc  systclll

at]nosphcric  loading station position s}~ift

ionosphere contribution to groul) dc]ay

ocean loading station positiol~ shift

ionosphere contribution to pllasc delay

po]c tide station positiol) shift

solid tide statioll  position s}lift

coll}poncllts  of perturbatioll  rotat, ion ]natrix

gravitatiollal  colltribu< iol} to c.oordil~atc  tilne delay, bocly p
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gravitatiollal  co]]tributioll  to l)ml)cr t,ill)c delay, body  ~~

l;art,h  gravitatiol)al  lJotclltial

gravitational dcflcctiol)

tidal contril~utioll  to 11’1’l’h!

compal)ion  tidal  col)tributiol]  to lJrJ11’h4

IIutation  ill (celestial) ]ol]gitudc

out, of ~)l)ase  llutatioll  in lollgituclc

frcwcorcnutation  in longitude

nutatioll  in obliquity

out ofphasc  nut,ation  ill obliquity

frcccorcnutatio]]  ill oblicluity

SOUICC  StlLICtLlrC CO1ltlibUtiOll  tO dC]aJ~

source structure contributioll  to delay  rate

declination

tidal  disl)lacclnellt  in local (VltN) coordinates

phase  of coln~)ollcl]t,j  of tidal  col)stituc])t  i

cml)irical  corrcdioll  to loligitudc

cvnpirical  correction to obliquity

curved  wave front  expansion  quantities [Itqs. (2.7-2.8)]

lncan  obliquity

auxiliary anglcfor  preccssioll  [Itq. (2.148)]

auxiliary  an,glcfor  preccssio]l [1’k].  (2.150)]

angular coordinates of F,artll rotation  axis

unit  vector ill lo]lgitudc  direction

station longitude

G’l”nf,

S-band V],])]  frcclucmcy
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l/~

vg

‘7

‘(j)

Wf

k&

X-band V],])]  frec]ucncy

Cdcctroll  gyloflcc]ucllcy

electron plasma frcqucllcy

aln})litudc  of conl~)ollcnt  j of tidal constitumlt,  i

density

dry, wet mlith  troposphere delay

SSl~ refcrcl)cefratnc

geocentric rcferclicc  frame

geometric delay

delay due  to clock ilnpcrfectiorls

phase delay

delay  duc to antenna subrdlcctor  motion

troposphere delay

unit vector irl latitude dircctio~l

geodetic station latitude

struc, turc phase

phase  shift of ticlal  cflcct

longitude of ascending lul)ar  noclc

perturbation transformation nlatrix

rotational speed  of ltarth

free core nutation  frequency

angular velocity of tectonic })latc j

1. INTRODUCTION

Astromctry and  geodesy  have  u]lclmgollc  a  r evo lu t ion  d u r i n g  the past tllrcc dmaclcw.

‘1’his rcvolutio]l  was initiatml by  the clcvclopmu]t  of illterferolnctry  at raclio  frequcmc.  ics using
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aIitcm Ias separated by thousands of kilollwtcrs  irl tltc Iatc  1 960s. Sutmqucrltl~,  tlte “\TCIJ’

l.o]k?; I\asclillc  IIltcrfermllctry”  (V],]]]) tcclluique  was  rcfilIed  to reach  its prcsm]t ca~)ability

of ~mil)t,  positionil]g  ou the h;artl]>s  s~lrfacc  at tl)c cclltjililctcr level, and  a]lgular  posit  ioni]lg

for cxtragalactic  radio sources  at the IIlilliarcsccolld  (Ilalloradiall)  level. ‘J’llc’sc I’c’fillmlellts

a r c  e x p e c t e d  to colitinuc  until  ills[lrlllolll]tal)l(~  l)rohlcms  arc reached, l)robahly  ill tllc suh-

Jllillilncter  regime. Gmdctic Il]easurcmmts  01) ilic }tart]l’s s u r f a c e  lIa17c bmi cIIorloously

cx~)al)dcd  and dmlsificxl  by satellite t,cchuiqucs  during  tllc l)ast five years, hut Vl,lll  rcrnairls

tile  ])rilnc tcclllliquc  for astrolnetry  cllll)loyillg IIatura]  raclio sources.  I t  is  ulliquc  ill its

al)ility  to lneasurc  the ltarth’s  orientation ill al) illmtial  fralnc  of refcmncc.

A1lolltlil~c oftl~el>asic  Vl,lllcx~~crill  lcllt isskctcllcdiu  l’ig. 1. ‘I)wo allte]luas,  separated

hy a basclillc  F3, arc aimed at the same intragalactic radio SOUYC.C  at the salnc  tiloc,  and

detect the wave front  arriving along uuit vector  k, ‘J’he digitized signals are rmordccl  on

l]igll-(lcllsity  lllagl]ctic(  ~icleo)  tapcsforapcriod  ofscvcral  I1lilllltcs,  yiclclillg  atotalof  =10

gigabits  of data. II] roLltillcol~sc)I’illg scssiolls, this  l)roc.cxlurc  is repeated several  liulldlcd

tilncs,  for ])umcrous  sources, over a 24 IJour period. Note  t h a t  the indcpcndcnt  statio]l

clocks lnust bc well mough  synchronized to pcrlnit  silnultallcous  illtcgratiorl  WIICII  sarn~)lillg

tllc incol])ing  signal. ‘1’hc signal flux is 011 the order of 1 Jansky (Jy = 10-26 W. m-2”Ilz),

]lcccssi~ating  autcnnas  w’ith large collecting arcasj  as JVC 11 a s  lligllly  sensitive  and  stable

dctcxtors  ancl  frcqumlcy  s t anda rds . ‘1’lIc  observiug  sc]lcdulc (station  n e t w o r k ,  locatiorts,

observation Cl)oclls,  ancl  local clcvatioll  aliglcs of tl]c sclcctcd  soLIrcc5)  plays a crLlcial  role it)

dctmnining  the types  auc] precision of l)ara Jnctcrs  that, can he cxtractecl  iu sut.mclucnt  data

allalyscs.  Op t ions  bcc.o)nc scvcmly  lilnitcd  C)II l~asclines  a~)]~roac.lling  arl ];arth d iamete r  ill

lm~gtll, WIIC!II  o]lly a small patch of sky is silllultallcoLlsly  visible  from both  obs~>rvillg sit  Cs.

iYorlnally tl]c t apes  tl}at were rccordcd

getller  at a sl)ccial-purl)osc  coJIll)LIkr  called

dctcrlllillc tllc  diflcrcllcc  ill arrival tilllcs  at

at tllc obscrvillg  stations  arc later  broug]lt  to-

a c.orrclator.  ‘J’lic function  of the corrclator  is to

the two stations by cxamiuillg  tllc  rccordcd  I)it

strc>ams  alid tinlc t ags .  IL gcncrattx  tlJe ‘{obscrvablcs’)  - tillle  delay (13 . L/c ill the silnl)lmt

mode]) and  its rate of changqj  ;ogcther  wit]) statistical cstilnatcs  of t}lcir  ~]recisioll. lluril]g\,
\
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tliis ~Jroccss  of cormlatioli  and ~Jost- corrclatioll  IJroccssitlg  tllc  alnoullt  of data is c.o]n~)rcsscd

by a factor of 10:’, frolll tcrabytcs to kilobytes. A variant of tllc cxperimmltal  arrangell~cllt

that call be used if tl]e two aIlkn])as arc i]) sufricic]]tly close proxi]nity  is called co]lIiectcd

clcvncvii  illt,c~fe]c~l]lctry  (~1~1). ‘J’llc statiolls  sl)arc frequc]lcy  standards and data acquisitioll

systmns,  allcl  tlllc correlation is pcxforll)cd ill real tilllc. \Vitll tl)c recent explosive advallc.c5

in cc)IlllllLlllicatioIls,  colnputingl  and  data storage tecllllology,  sue]] cxperilllellts  Inay  bcco)nc

]]lorc  frcqumlt  i]] the future..

‘IIIIC basic Vl,l{l  observable is the difli:rclicc ill a~rival  tilllcx  of the wave frollt at a]ltennas

separatcc]  by illtercontillcl  ltal distances (baselines). ‘1’0 IIleasure  such vector  baselilles  with

a ~)recisio]l  on  the  order of I cIn, t}lc  time clelays n]ust  be kllowll  to srnal] flactiolls  of  a

nanosecolld  (1 cm == 33 picosecond light  travel tilnc. ) Such accuracy was lna.clc possible

by adval~ccs in technology, such as deve]opmcmt  of precise timing standards (1 part ill

1014), and clata recording technicl Llcw that pcrlnit  clata accluisition  at rates ill excess of 100

Incgabits/second. VI,H1 is a cliffcmmtia]  technique in the scllse that the basic observable

is lmarly  coln~~lctely disc.oll]lectcd from the orie]ltatio]l  and  shape of  t}le  ljarth. Other

tccll]lic]ues  lnust supply this col)nection  exicvnal]y.  Such a link lnirlimal]y  consists  of the

gcocmltric  position of one of the VI,]]]  obscmring statiolls  at a givcxl  epoch. Ilowever,  tile

observed t,ilne clclay is relatively illscvlsitivc  to t}lc  gcocelltric. c.ocmdil~ates of this refcrcvlcc

statio]i.

AIlalyscw of the VI,l~l obscrvablcs  of I]ccmsity  il)volve  all ullconllnonly  broad cross-scct,ior]

of tl]c subfic]ds  of physics, rangillg  from collsiclmitlg  tile effects of the l;artli’s il~tcrllal  st,ruc -

Lure ol] its clynamic.s,  to t})c tectonic plate lnotimls  al)cl  ]lu]llerous terrestrial tidal Cffccts.

Ll)rou$;h  quantification of turbulence ill tile atr)lospllerc, to dcscriptioll  of general relativistic

bcI]dillg  of tile l)aths  of radio signals travelillg  froln the distalit sources. With the cxce])-

tioll of gravilnctric  and  oceal~ograpl~ic  expeli]nm]ts,  \~l,})l  is perhal)s  the most  delnalldillg

tecl)lliquc  fol various aspects of global l;artll lnodels.  It tllerefole provides results that are

USCC1 i~l ]Iulncrc)us  related fields. W]lilc cxtellsio]l  of cx~milne]lts  to p]atforlns  ill F,arth  c)rbit

al)d elscwl)crc  ill the Solar sys[eln  is in ,~)lallllillg  stages (I]urkc,  1991 ), the present revie}v

12



is lirnitcd  to }tarth-bascxl  Vl,]ll. A large fraction of tile IIemssa.ry  Inodcli]lg  is co~mIloII to

\~l,ljl and  tllc  llcwcr satellite  techniques. IJor t}Jcw7 rc:aso]~s,  it is irn~)orta]lt to review  the

coIn])lck  details of curm]lt  modding  of tlIc \’1,111  observablcs. 1(’ol]owing the princip]e  that

tl]e accuracy of a theoretical lnodc] sl~ould mcccd the accuracy of the cxpcrimcllts w})ich it

illtcrprcl,s  by at least an order of Jl)agllitude,  tllc  \~ljlll  model sllou]cl  bc co]m)lete  at t,hc 1

}M lCVC1. ‘J’l~is  requirement is currently ]tot satisfied for a nu]nbm  of parts of tl~c model. As

e.xpcrilllmial  tcch]liqucs  arc refilled, possil~ly  to improve tllc accuracy }Jy anot,l)cr order  of

lnagllitudc,  IIunlmous  aspcc~s of the Il]odel  will ])cml  to be rc-examined.

II;acll of the tllrcc basic  aspcctls  of a \~l,lll lllcasurmlle]lt  ( source , intervening medium,

and receiver) ilnposcs  limits to V],]]]  rmo]utioll  ancl accuracy that  are of comparable nla,g-

niiudc. ‘J’wo such limits arc presently clue to illcolnplcic  nloclclillg  of the structures and

tilllc-clcl>cll(lcllt  behavior of botl) the radio  sources and rccciving  antennas. ‘J’hey  can both

alnount  to tenths of a milliarcscconcl  (lnas)  (1 nrad) or scvmal  Inn]. l~or  day - long  l’hrth-

bascd  mcasurcmcnts,  the dominant lilnif  is due to LIIC tral]sInissiol]  med ium:  commonly

used Jnodcls c)f atnlospllcric  JJropagatioli  call Lc inc.o:np]ctc  at Ilcarly the  l-cm level. in fact,,

]Jrcscllt t r o p o s p h e r e  moclelillgis]~]obal}ly  1(:ss accutatcthan the V],]]] obscrvablcs.  l)ctails

of the tidal motiol]s  of t}lc l~arth’s  surface IIavc  also ]]oL Ijecn fully cllarac.tcrizcxl at t,llc lIlnl

level. l~or  longer ~)criocls  (on the order of 1 year), al)criodic  tilne-dcpcndcnt  processes co]ne

into  play. At present, these am also not [1 priovi  well enough understood at the mm or nrad

level. IInprovcd  modc]s  of the l;arth’s  tidal  rcs})onse  and atlnosphercj  the physical proccsscs

in quasars, and  the mcc}lanical  rcspc)l]sc of large  alitclllla  structures, will Lc required to

realize tile  full potential ac.curac.y  of tile  VI JIII technique. It is hopccl that tliis review  will

I)roviclc a good foundation for SUC.11  ]noclc] cxtcllsiolls.

‘J’lIc first stcl) in a]]alysis  of a V141]1 cx1)erin3cllt  is the comdation  of the random ]Loise

bit,  strealns  rccordcd  by tllc rccciving  aI)tclll]as looking  at tlic  salnc  radio  source ,  in  order

to forln tl)c two obscrvablcs  for each lJasclillc. As indicated in Fig. 1, this is performed

})y })ril)gil)g  together tl]c lnagllctic  tal)es  recorded  by the individual stations at a corrcla-

tor.  Sevcra]  such il~stallations  are l)rescllt]y  o]wratil~.g  in the lJ. S,A. (Ilaystack  Observatory,
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J1’1,/(;altcxll,  lJSNO, V1,IIA),  GcrIllatIy  (Ikmn),  a n d  Japan  (Kashil)la).  I’ost-corrclatioll

so f tware  then  gmcratcs tllc obscrvablcs  and  their error mtilllatcs  froln the raw cormlator

output ( 1 ,Ow’c!, ]992).  lJndcT routirlc  collditiolls, t h e  ullcertailltics ill tllc  clclay  obscrvab]cs

prodl]ccd  l~y tllesc  correlators  arc o]) tllc order  of  10 ~)icosmol)ds.  NuII~erous  a s p e c t s  of

llalcl\varc,i  llstlllrllclltatiorl, aTlclsof  t}*'arccc)  llt]iblltetot}l  islill]it  (l{o~;ers,  1991).

111 a})p]icatiolls  of radio  intmfcrometry  to gcodyllamics  a n d  astrmnctry,  t}le  va]ucs o f

group  dclayaud  l~llasc  [lclayratc  obtaillc(l  floll-]o  l~sc:ri’atiollso  flllally(  liffcrellt  radio  sourccs

are procmmxl  by a n]ultiparamcler  least-squam cstilnation  algorithm to extract tllc  desired

mode.1 parameters. As the accuracy of the obsmvablcs  improves, illcrcasi]lgly  colnplctc nlod-

CIS for the dc]ays and  delay rates are l)cillg  dcwclopccl. Modeling is inextricably linked to

the software used for data analyses in these  cxpmimm]ts.  q’his report dcscribcs  the current

status of these delay  models, prcdolnillalltly  based on their ilrl~)lel~lcl~tatiorl  irl the multi-

})arametm  estimation code “Mastdit/Mcdcst”. Its fou]]dation  was laid by J. G. Williams

(1970a), W})O also developed many of t}]c {,rigina] algorithlns. Software dcwcloprncnt  }Ias

continued at the Jet }’repulsion l,aborat,ory  (J]’], ) sillcc the 1970s (Fansclow,  1983; Sovcrs

and  Jacobs,  1994).  IIldcpendcnt  C.OCIC  of si]nilar  sc.opc and ancestry is  the “(;alc/Solve”

~)ackage (GSI+’C, 1981) USCCI  in tl~c National Aeronautics and Space Administration (NASA)

~;rusta]  llyl~anlics  and Space Geodesy  f)rojccts  (C;l)l’  and SIG}’), National occallic  ancl At-

Inospl]cric  A(lllliI~istratiol) (NOAA) ]nternatio]lal  l{adio lntmferomctric  Surveying (l ItIS),

and  Natiollal  }tarth  oric]ltation  Service  (NltoS)  analyses. ‘1’his is all outgrowth of the orig-

il]al algorithms of IIintcrcggcr  ct az. (1972) allcl I{obcrtson  (1 975), and has bccII evolving

at tllc  Goc]dard  Space  l~ligllt ~cl]tcr ((;Sl~~).  I t  has ulldcrgonc  nunlcrous  Inutations  o v e r

t?]c years, with the conscqucncc  that there now also exist at least three related, but not

iclclltical,  packages used for V],]]]  arlalyscs in (;crl]lally  (~ampbcll, 1988),  Japal]  (Kunilnori

c:L al., 1 993), and Spain (Zarraoa ct al., 1 W). More rcccntly,  inclcpcnclcmt  code has been

dcvclolwd  ill Norway (Andcrscll, 1995), l’rancc  (Gollticr,  1992),  allc{ lJkraiIlc  (Yatskiv  et a l . ,

1991 ). ‘J’here  llavc been lilt]ited  conlparisolis  bctwcc]~ the various software ~)ac.kagcs  (Sovcrs

and  hla, 1985; Gonticr,  1992; ]{ius  et al., 1992). Such comparisons have  Iiot, ably  resulted ill
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a fundalncmta]  revision of the CAl~C relativity lnodclillg  algoritlllll  (l{yan,  1989).

‘1’11(: history of Vljl~l can bc tracecl froln the first interfcromctric  observat ions by the

Nl{A()-Arecibo group  (Ilarc et al.,  1967) at 0.6 Gllz 011 a 220-km baseline, the hJlrl’-NIi.AO

group (Moran  et al., 1967; 1.7 Gllz, 845 k]n),  and  the (~anadiall  1,111 group (Ilrotml  ct al.,

1967; 0.4 GIIz,  3074 km). ltarly work in gcodmy , astro]llctry,  and clock synchronization)

was do])c in 1969 (Ilintcrcgger  ct al., ]972),  yielding  accuracies in distatlccs  of 2--5 lllC!tCrs,

a]ld in source  posit  iol]s  OJ1 tile orctcr of 1 arc second,  A fcw years later ,  Sha~)iro (1 976)

rcvicwcd  the arlalysis  and information contm]t  of geodetic V1J131 cxperinlents.  Some 1’11, 11.

dissertation of the period  arc those of Whit ncy (1974), Robertson  (1975) and h4a (1 978).

1,argc-scale intcrnationa]  cooperation began in 1979 with the establishlncnt  of t}lc  ~rusta]

l)ynamic.s  Project (~111’)  by NASA (l~oswo]  th, ~oates,  and Fischetti,  1993).

Some references which provide an introduction to the principles of very long baseline

intmfcrolnctry  are the book by ‘J’hompso]ll  hloran,  and Swwnson  (1 986), the afomncntioned

review by Shapiro (1976), and two reports by ‘1’homas  (1 %S1, 1987). Additional background

ll~atcrial  is provided by the rcccrlt  rcwiew of geophysical Vl,l\l applications by Robertson

(1991 ), and in more detail  and more  rccm,tly,  in the three-volume compilation tl]at sun]*,~a-

rims accolll~~lislllllcnts  of N’ASA’s ~rusta]  l)yllalnic.s l’rojmt duri~lg the past decade (Smit]l

and  ‘1’urc.ottc,  1993). Various ~mriodic reviews , including  tlic cluadrenllial  lUG~I  geodesy

reports (~lark, 1979; ~artmr, 1 983; liay,  1 WI ), 11’;1{S  annual  reports (} ’aris Obscrvatory,

1995a), and  yearly reports on ~1)1’ results (hla, l{yan and  ~aprcttc, 1992) am also gcjod

sources of detailed information conccrni]ig  cLIrrcI]t V],]]]  techniques and results. ‘1’}~c 1])-

tcrnational  ]tarth ltotation  Scrvicc  (ll;liS)  pcrioclical]y  l)ublishcs  a con~~)ilatioll  of stanclard

nvxlcls  rccon~mendcd  for analyses of space geodetic data (11’H{S,  1992, 1995 b). in large  part,

tllc  n]odcl  description in the Present pal)el is ill agrcclncnt with the sl)ccifications  of t}lcse

“1111{S Standards”.

‘J’lIc illtcrfcromcl,ric  delay  Inodc] is the SUII]  of  four Inajor  model  colnPoncnts:  gcolIle-

try,  clock, troposphere, and ionos~)hcrc. ScctioI\s 11 tl]rougl] V of this review ~)rescllt tlic

best  current models of tllcsc  coInpoIIcnts. ‘1’IIc lollgest scctioll ( 1 1 )  clcals  with  tl}c ~Jurcly



W)J~l~tIic Po~’~j~ll  of  the delay  and C~llsiclcJs  ~illl~: dcfiIlitioILs,  tidal  and  s o u r c e  structLlrc

CIIccts, coorclillatc  fralncs, IJ:arth  orimltatioll  (u])i~’crsal  titne and  p o l a r  l])otiol]), Ilut,atioll,

~)rcccssioll,  l+;arth orbital ]notioll,  wave frol)t curvature, gravitational bclldillg,  and antcv~lla

ofl’sets. Scctiolls  111 and I\~ discuss tl]c l)ol]-l~col~lc~trical  (clock and  atlnospllcm)  coInpoJIcIIts

o f  the IJlodcl.  %.ction  V clmcribcx  tile tccllllique  used to obtail)  t}lc clclay  ra te  Inodcl  frolll

tllc  delay lnodcl.  Scctioll VI gives tl)c curlclit  values of p])ysical coristallts  used ili VI,]]]

]nodclil]g,  while  Section \~ll outlil]es  IiIod[’1  iltl~)rovclncllt,s  that w’c anticipate to Ibc required

by lnorc  accurate data ill the future.

‘1’l]c  IIlost convcllicnt  units ill geodetic. VI Jl\l  arc lnillil)lctcrs,  picosm.ends, and lialloradi  -

ails. ‘1’l]c  first  two are col]rlcctcxl  by tl]c spcwd of light == 299792458 m/s == 1 111111/3  ps, altcl

will bc used illtcIc}lallgcal~ly.  Most c.o]l]]no]ily  for t,}ic purl)oscs  of illustratioll,  a 10,000-kJn

basel ine will be collsjderccl. A lcIIgtll  change  of 1 C.IN on sL]ch a basclilie  is equivalcllt  to a?)

al~gular c}lallgc of 1 IIrad (1 part per  Lilliol),  ~)pb); thus t}le second  C.OII1N1OII  cc~uivalellcc  is

10 ~nln/~lrad.

Il. GEOMETRIC DELAY

‘J’lIc geollwt,ric delay is the diffcrel)cc ill tilllc  of arrival of a signal at two gcornctrica]ly

separate Points  wllicll  would be I]lcasurcd  by ]Jerfcct i]lstr{ll]lcl)tatioll,  perfectly syllc})rollizccl,

if tllcrc were  a perfect vacuuln  bctwcwll tile observed cxtragalactic  or Solar-Systclll  soL]rce and

the l;arth-based iIlstrurllcl~tatiol~. For l;artll-fixed  baselillcs,  t}lis  delay is lirnitcd  to the light

til~)c of OIIC l’;artb radius (20 lnilliseco~~ds)  by lloll-tral)sl)arcl]cy  of the ]tarth. It call cllallge

rapidly (by as Inuch as 3 ILS pc:r SCCOIICI)  as t}]c l’;artll  rotates. Whjlc  Vl,l;l  ex~)crilrlellts aJc

oc.casiolla]ly carried out with Jnore t]iall tell ~)artic.ipatillg stations, the cormlator  gmcratcs

observab]c  delays  aud t}leir  time rates of cllallge i]~cle])cl]deritly  for  eacl]  basclille c.olillcctilig

Cvery  })air of st,atiolls. Witl]out l o s s  o f  gcl~erality, tl)c delay llloclel  cau t h u s  be clcvelo]wd

for  a single baseliltc illvolvillg only two statiolis. Such a dcwlopmeut will be presellted here.

1]) gcvlcral  t,}le geome t r i c  c.om~~ollcmt js by fal the ]argmt coJnponcILt  of the o b s e r v e d  dc]ay.
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‘1’llc ]nail] cmlnplcxity  o f  t h i s  po r t ion  o f  tllc I])odel  arises fro]n the nut[lerous  c.oordillatc

trallsfornlat,iolls  t})at  arc Ilcccssary  to relate (Ilc rcfcrelice  fralne  uscxl for locating tllc  radio

sources  to tile ]F,arth-fjxecl  rcfcrcl]ce  frallle  i II w’llich  t]lc station locations are rcl JrescIJted.

III the follow’illg  wc will usc tlK: tm]ll ‘:cclcstial  rcfcrc]lcc  fralnc” to C] CIIOtC a rc’fc’rencc

fra]llc  ill wrllicll tl)erc i s  n o  net ~~ro])cr  IIlotiol]  o f  t h e  cxtragalactic radio objects which a~c

obscrvml  by tl~cillterfcrolllcicr. ‘J’his  is Ol]ly all a])proxilnation  to solnc truly “illcrtial” fralne.

Currcvltly, this celestial frall)e  ilnj)lics a Sol:~l-Systclll-l  ~arycclltric,  cc!uatoria]  f rame wi th

tllc ccluator  al~d equinox of 2000 JaIluary 1.5 (J2000)  as cldincxl  by tile 1976 ITltcrl]atioIlal

Astronolnical  LJnion (l AU) C,o]ivcntiolls, i]lcludil]g tile 1 9 8 0  nutation  series  (Scidcllnal)l),

1982; Kaplall, 1981). II] this equatorial fralnc, so]nc definition of the origin of right ascensio]l

lnust bc made. ‘1’llc right ascension is near] y al bitrary (t]cgle.cting higher-orclcr Solar System

effects). It differs by a simple rotation from any  other definition. ~’he importaxlt  point is that

consistent  definitions Inust  be used throug]lout  the Inoclcl  dcvelopnle]lt,  ‘J’he need for this

collsistcl]cy  lnay  sooli lead  to a defillitiol) of the origin of rigl)t asccrlsion via the ~JlaItetary

cl)llmnmicles,  with intcrferolnctric  obsc.rvatio!ls of both natural  raclio sources and  spacecraft,

at planetary cvlcountcvs  collllecting  t}lc  planetary  and the radio  reference frames (l~olkl~cr

et al., 199-4; New}lall  ct al., 1 9 8 6 ) .

IJI1lCSS othmwisc stated, wc will Ineall I)y ‘(t cmwst rial rcferw] cc frarnc”  some refmml cc

fralne ticcl  to the mean surface features of the l’;arth. ‘J’hc  lnost  common such fra]nc  is a

rigl]t-hal]decl  version of the Conventional IIlter[latiotlal  Origill (C IO) reference systmn  wit}]

tl]c pole defined by the 1903.0 po]c, which wc usc llcre. II] practice, the tie is realized by

ch?fillil~g  tllc  position of olle of the illtcrferol~lctric  obscrvillg  statiorls,  and then dc?tcrlnini  T)g

tl]c positions of tllc  other stations under this constraint. F’or cxalnplc,  ill l)cwp Space  Network

(IISN) expcrilncllts,  the reference position  is gcllcrally  l)ccp Space Station (1)SS) 15 at tl]e

Goldstollc,  ~aliforllia tracking colIIplex, ‘J’llis  co]]straillt  requires that the dctcrnlillatioxls  of

]<;arth  orimitatio~l  agree 011 t}lc  avc:ragc witl)  LIJC JIltclllational  ltarth }totatjon  Scrvicc  (lltliS)

(1995a) [a*~d  its ]Jmdcccssor, IJureau  llltcrl)atic)Tlal  dc l’Ilcu  Je (11111) (1 983)] mmsurclllellts

o f  t]l(l ]’;aJ’t~l’S OI’iClltati  C)ll OvCJ’ sO1llC sUbstalltial  til JIC illtCrVa~  (% yC?als). SUC}l  a P1OCCT]U1C,
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or smnc  fullctio]lal  equivalent, is necessary to tie  tl]c Incasurclllcnt  to the llartll,  si]lce the

illtcrfcro]nctcr  is sensitive only to the bascli]ic  vector. Wii,ll the exception of minor tidal

a]ld tro}msl}?lcric  C! fTccts, Ll)c V].]]]  techllicluc dots  not have ally preferred  origin rc]ative to

tl)c structure oftllc  l’larth, ‘J)hc rotatiori  of t}tc l~arth does,  l]owcvcr, provide a prcfcrmcl

direction ill sl)acc which call bc associated indirectly wit]l  its surfacw fcatums.

II] contrast, geodetic techniques wllicll  involve tllc  USC of artificial satellites or l,llc h40011

arc scmsitivc to the cclltcr  of mass of tlIc l’;artll as W C]] as its sl)ill  axis. ‘1’bus, such tcchl~iqucs

require only a definition of tllc origin of long, itucle. l,ascr  rallgillg to t h e  rctrorcflcctors  011

tl]c MOOII allows a realizab]c  practical clcfi)litiol]  of a terrestrial frame, accurately positioned

relat ive to a celestial frame whic]l  is tied to the plarwtary cphcmcridcs (Fc)lkncr et al.,

1994). ‘J’hc  rcc]uired collocation of tllc  l.ascI and  VI,131  stations is being provided by Global

l’ositioning  Satellite ((31’S)  measurements c)f basclillm  Imtwccm  VI,B1 and laser sites startilig

ill the late 1980s (e.g., l{ay ct al., ]991 ). ~arcful cldinitions  and expcrimcmts  of this sort

arc required to realize a coordinate systelll  of centimeter ac.curs.cy.

I;XCC]JL  for subcentimeter  relativistic c.onl~)lications  causccl  by the locally varying }’;arth

pc~tc])tia]  (as discussed below), collstructicul  of the V],]]]  moclc]  for the observccl delay can

k sulnlnarizcd  in 7 steps  as:

1.

2.

3.

4.

Specify the proper  locations of l,}lc two  st, atio)ls as measured il~ all ~,art}l.~lx~d

fralnc at Llle tilne t h a t  tl~e wave front irltersccts statio]] 1. l,ct t h i s  tilrlc:  be the

proper ~illle  ~j as mcasumcl by a clock ill tllc  F;artll-fixed fralnc.

Modify the station locatiol]s  for l~arth-fixed effects such as solid II;arth  titles,

tectonic motion, a]ld otllcr  local station lnotion.

‘J’rallsform  thcm proper station  locations to a gcoccmtric  celestial coordinate sys-

tcm with its origill at the center of the F;arth, but  ]noving  witl) the ljarth.  ‘1’his

is a composite of 12 separate rotatioms , rcprcscntcxl  by a rotation matrix Q(i).

l’crform a “l)orentz  tral]sformation  of t}lcse  p r o p e r  statiol} l o c a t i o n s  fro]n the
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geocentric- celestial fralnc  to a frame  at rest relative to t]lc center of lnass  of the

Solar Systcm, and rotatiollal]y  aligllcd with the celestial gcoccvltric fra]ne.

5. 1]] this Solal-Systc]ll-l>alycclltlic  (SS11)  fralne,  ccnl]l)utc  the proper t ime clclay

for tllc  passage of the specified wave fro]lt frolll  station 1 to station 2. (;orrcct

for source  structure.  Add tl)c cffectivc  change  ill l)ro])cr  delay caused by the

diffmv~tia]  gravitational retardation of tllc signal withi]l  the Solar  systmn.

6. l’crform  a I,orclltz  transforlllatioll  of this  SS1{ gcolnctric  clclay  back to the cclcs-

tial  geocentric frame moving with tllc l;artll, ‘1’llis produces the adoptecl model

for the geometric portio~) of the obscw:d delay.

7. ‘1’o this geometric clclay,  acid the co]ltributions  clue to clock oflscts,  to

s~)llcric  delays, and  to the effects of l,}lc ionospbcrc  oll tllc signal (see Sccti(

and l\~).

ropo-

11s 111

As inclicatccl  in step 5, the initial calcu]atio]l  of delay is carriccl out in a frame at rest

rc]ativc to tllc  ccntm of lnass  of the Solar Systcm  (SSl~ fra]nc.  ) l’irst, howcvm,  s teps 1

throug]l  4 arc carried out in order to relate proper locations ill the l;arth-fixed frame to

corrcspol]ding  pro])cr  locations in the SS11 f] allle. Step  4 in this process transforms station

locations from the geocentric cclcstial  frame to the SS11 fralllc. ‘J’his  step il]c.orporates

sl)ccial-relativistic cflccts  to all orders of tl]c vc]ocity  ratio v/c. In the prcscI]cc  of gravity,

this transforlnation  c a n  bc vicwwd as a slwcia] ]clativistic Lransfor]nation  bctwwcll  proper

coordinate of two local frames (geocentric and  SS11) ill relative motion. l’or both frames,

the underlying gravitational potcmtia] call be take]) ap~)roximately  as the suIn of locally

constant  potentials caused by all masses ill the Solar  Systcm. ‘1’hc complications caused by

slnall  local variations in the ltarth’s  potential arc discussed below. initial proper  dc]ay is

thc]l com~)utcd  (SICI) 5) ill the SS11 fralnc  o]] tllc basis of tl]csc SS1] station  locatiolls  and

all (i pricwi  SS11 source location. A s]nall ~)ro~xv-delay correction is the]] applied to accoul)t

for the differential gravitational rctardaticnl  introduced  along  the two ray paths tllrougll  the
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Solar  Systcvn,  i]]cludillg  retardation l>y tlIc l}artli’s gravity. A fil)al  lmcHItz tra]isfor]llatiol]

ilIcludi  IIg all orders  of 2)/c thcm tra]lsfor]])s  tl)c wrrcctd SS11 p r o p e r  ciclay  to a ]noclc]  for

tllc  obscrl’cd  delay  ill tllc geocc~ltric refcre])cc  fralllc,

Sillcc tlJc ltarth’s  gravitatio)la]  potclltia]  va r i e s  s l igh t ly  ac ross  the };artll  (A[lI,/c2  w

3.5 x 10-10 fro]n cclltcr  to surface), tllc sl)ccificatioll  of prol)cr  distance  is not, as straightfor-

ward  with respect, to the }tart, h’s potc]ltial  as it is with res~)cct to t}lc  csscl]tially  constant

pot,cl]tials  of dist,allt lnasscs, ‘J’o ovcIcoI]]e tIlis  diff icul ty,  \~l,l~l-dcrivcxl station  locatiolls

arc Ilow cust,olnarily  spccificd  in tcrlns of the ‘( ’J’ll’l’  spat ial  coordillatcs”  that arc USC(I ill

l~arth-orbiter  Inodcls.  A proper Imigth t}lat corresl)oIIds to a Inodclcd  Laselillc  can bc ob-

taillcd  throL@ appropriate intcgratio]l  of tl)c local Inctric (Shahid-Saless  et al,, 1991), Such

ljropcr lmlgths  clcviatc  slig}ltly  (< 3 II]]]]) fro~ll  basc]irlcs ]]lodclccl 011 the basis  of the ‘1’1)’11

coI]ve~]tioll  irl t}]c worst case (a full ~Jartl]  dia]llctcr). II] practice, sLlch a collversio!l is I)ot

ncccssary if basclille  lncasLlrcnmlts  obt,aincc{  by different investigators arc reported ill terlns

of ‘J’])’]’ s~)atial  coordillatcs.

‘J’l]e current lnodc]  has been compared (1’llolnas, 1991; ‘J’rcuhaft,  1 9 9 1 )  wit}~ tl)c “l-

~)icosccolld”  relat ivist ic  Inodc] for V],]]]  delays  devclol)cxl  by Shahid-Salcss  ci al. (1 991 ).

W]]c]] reduced to the san)c  forlll,  tl)c Inc)clcl  preseI]tcd  llcrc is idcultical  to that Inode] at tl]c

l)icosecond  level, tcrln by term, wit]l ollc cxccl)tiorl. ‘J’rcLlhaft  and  ‘J1holnas (1 991) S11OW that

a correction is I) CCXICCI  to the Shahicl-Saless  (i u1. SS}1 systc]n  Inodclil)g  of the atlnospheric

dc]ay. ‘~’~lis  corrc!ctioll  c~lallgcs  the Sllahid-sa]css  ci al. result by as ?nLIch as ] O ~)icoscconds.

‘J’l}c  relnail~dcr  of t}]is  scctioli ~)rovides tllc details for tl]e first six st,cps of the general outlillc

above.

A. Time interval for the arrival of a wave front at two stations

‘J’lIc fu~ldalncmtal ~)art of tl]c geolnetric  lnodcl  is tl)c calcL~latioll  (step 5 above) of the

tilnc irlterval  for the. passage of a wave frol)t frc)rn station 1 to station  2. ‘1’his calculation is

actually performed ill a coordinate fralne at rest  relative to tllc cclltcr  of Ii Lass of tllc  Solar
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Systm]l.  ‘J)his  l)art  of the ]nodcl is })resc]lted  first to l)rovidc a cm]tcxt  for the subscqucllt

sect, ions, all of which arc hcavi]y  il]volvcd  with tllc details of ti]nc  clcfiliit,  ions al]d coorclillatc

tlallsfolll)atiolls,  \Yc wi l l  use tllc  salne  sul~script and  sulmscript  llotatioll  wllicl] is USCXI  ill

ScciioIl 11.1” to refer to the station locatimls  as scc]l lJy an observer at rest re]ativeto  tllc

cclltcr  of ]nass of tllc Solar System.

l:irst, wc ca lcu la te  tllc lJrolmr  tilne  delay tl)at  would h ol)scrvcd  if the wave front  were

l)la]lar. ‘J’hiscalculatiol]  isllc>xtgcl]claliz(cltoa  curvccl wavefront, allclfillallyt\ctakcillto

account the illcrcrllcntal  dfccts which rcxult  frolll  tile wave front propagating through the

various gravitation] potcmtial  wells ill tllc Solar Systlmn.

1. Plane wave front

Consiclcr the case of a plane wave ]Ilovi)lg in the clircction,  ~, with statiol)  2 having a

mea]] velocity, (3Z, as shtnvll in I’ig. 2. As lnclltiollcd  above,  distance and  tilne arc to hc

rcq~rcscntecl  as proper  coorclinatcx  in the SS11 fra]ne. ‘1’}Ic speed of lig}lt  c is set cclua]  to 1

ill the following fornlulatioll. ‘]’hc prol)cr  tiII~e delay is LIIC tilnc it takes  tllc  wravc frolIt to

nlovc the distance 1 at speed c. ‘J’his  distance is t}lc  sum of tile two solid lines peqmldicular

to tl)c wa~’r froIlt iIl l“ig. 2:

(2.])

wllcrc  tllc  superscript * serves to clnphasixc  tltat station 2 has moved sillcc i]. ‘1’llc second

term rcprescl]ts  the distance that station 2 lIIovcs before

leads to the following expression  for tile gcollletric  delay:

k . [rz(i])  - rl(tl)]
i;-f~= -  - - - -

1 -  k.p2

receiving the signal at t;. ‘1’llis

(2.2)

‘1’IIc basc]inc  vector, ‘r2(t1 ) -- r] (tl), is co]nl)utccl  on t}lc  basis of proper station locations

calculatcc]  according to l’kl. (2.1 78) ill Sec.. Il. ]J.

21



2. Curved wave front

III t}lc case of a sigylal  gcneraied  by a radio source  wit,tlill  t}lc  Solar Systwn  it is rlcccssary

to include tllc  effect, of L1)C c.urvaturc  of the wave frmlt.  As dcpictcxl in F’ig.  3, let a source

irradiate two l’;arth-fixcx]  stations W}IOSC positions arc give]] by r1,2(t) relative to the l’;arth’s

Cclltct. ‘1’hc positio]]  of the }Iart}l)s  ccntcr, RC(fl),  as a ful)c.tion of signal rcccptioll  til!lc,  t],

at station  1 is lncasurcd relative to tllc positio]] of tlic  mllitter at, the tillle,  ie, of cmissioll

of tllc signal rcccivml  at tilnc il. While  tltis calculation] is actually done ill the Solar  Systcln

baryccl)tric  coorclil]ate  systmn, tllc clcvcloplncvlt  t}lat  follows is by Ilo lncans  restricted in

applicability to that frame.

Suppose that a wave front cn~ittcd  by the source at time t~ reaches station 1 at tirnc t]

and  arrives at, station 2 at tilnc t?J. “J’lJc gcxn~[ctric  delay ill this frame will be given by:

w]lcrc  all distances  are again nlcasurec]  ill ul)iis of  li,g}lt t r a v e l  t,irnc.  If wc approxilnatc ~he

velocity of statioll 2 by

wc obtaitl:

(2.4)

(2,5)

( 2 . 6 )

Wh(xe

(2.7)

and



(2./3)

fOl’ ~ ill l’;q.  (’2,6), if tll~ CO1n}Jutcr rcl)rcsc)ltatioll  el~-l])loys  sixtccxl sigl)ificarlt  [Iecilllal digits.

‘1’llis gives:

fit. [r2(/1)  -  rl(~l)] + _  _//C_AC(~)
T=.-—- - – _ –

[1 - 1{,./?2] 2 [1 - @32]
(2.9)

Wllcrc to Oldc’r  ‘+

(2.10)

‘1’llc first  tcrl]l  ill l~cl. (2.9) is just tllc l)lal]c }vavc  a]J])roxilllaLioll,  i.e., as ItC + cm, EC –+ i,

wit]]  L1)C secolld terln in b r a c k e t s  ill F:q. (2.1 O)  ap~)roacl]in~  zero as T2/RC. Givml  that  tllc

/ ., wave frollt curvature  is  not calculablerat io  of  t}le f i rs t  term to t,llc sCCO1ld ~Crlll is w ~ ~~

usitlg sixtcel~-clecill~al-digii arithlnetic  if li > 10]6 x T. For llarth-fixecl  baselitlcs  t}lat arc as

loIIg as al] ltarth  d i a m e t e r , requiring that tl)c effects of curvature be less than 1 ps % 0.3

111111  ilnplim t,hat t}]c above forlnulatioll [1’k].  (2 .10)]  lnust be used for li < 3 x 1014 km, or

approxilr)ately  30 light years. At the same accuracy level, fourth and higher  order tcrIns in s

LWCOIIIC  ilnporta]~t-  for 1{ <2 x 105 kin, or a])]  Jroxirllatcly illsidc t}lc  hfloon’s  orbit,  l~ukuslli]l~a

(1994) }las presented a formulation whic}l shc)uld  be apl)licablc  for l’;artl~-basecl  VI,}JI with

radio  SOUICCS as close as t}lc hloo]i.

‘1’hc ])roccdure  for the solutiol] of I;c1. (2.9) is iterative for c <10--4, using  tllc  followitlg:

}iCAC(T,l_l)
r,’ = TO + – -- -—--=–——-

2[1 -- 1{.p2]
(2,11)

wllcre

TO == Tplanr Ulo’dc (2.12)

l“or C > 10-4, clircct]y iterate 011 tl]e Cquatioll (2.6) itsc]f,  using  t$hc procedure:

7-,1 = lqiic -f e~(T,t. ,)/ -- Ncpic  + C,[ (2.13)

wllcrc  agaill TO is the plalic  wave approxil]latioll.



3. Gravitational delay

IIccallsca  light signal propagating ill agravitatiolla]  potential is rctardcxl  rclativc to its

lnotioll  in fiel&freespacc,  tllecc)llll)lltc(  l~’alll~’fol  tll(’[lifr(’rcl  ltialtillleof  arrival of t}lcsigl]als

at rl(il) and  rz(tj) must, be collcctcclfO IF,lat’itatiollal  efikcts. (;ravitatio]la]  l)otcmtial cflects

and  curved wave front  c{fccts are c.alculatcd  iIldepclldcllt,ly  of each other since tl]c forlner

are a snlall  pcnturbailion  (%’ 8.5 microradians  or s l.” 75), even for Sun-graziIlg  rays.

‘1’he relat ivist ic  light  travel  tinle was first dcrivccl  by ‘J’ausncr (1 966) and  ]Iolclridge

(1967), and  incor])oratcxl  into the J])], orbit dctcrlnination  software by Moyer (1971). l’or

tl]c (exaggerated) gcc)]nctry ill[lstratc(l  ill f“ig. 4, thcrcquircd  correction to coordinate  time

delay  clue to the pth  gravitatil]g  body  is given t)y Moyer as:

[[

(] ‘- ~F’PN).& .  ],, ~;  -T-==  - ]], ‘(l’J=A(;,, .  ——
r -1 ?’z(q) +- ‘1’5.2

d * .
1[ 11

(2,14)
‘s ‘ ~, + ~1 (i]) ‘– 7’s1

where r~~ is dcfi IIcd as:

IIcrc q,,,,N is the T factor ill tllc paralnctrimxl  post-NcwtolliaIl  g rav i t a t iona l  tllcory  (~:.g.,

hlisllcr  et al., 1 973).  l~or general  Iclat  ivity, T,,~,&r =- 1, IIowcvcr,  ~I,P~ call be  a l lowed

to IW an estimated paranletcr to perlnit  experimental tests of general relativity. Setting

T$,l,Ar  =’ - 1 gives the option of “turning ofl” tll)c effects of gcl]cral relativity 011 the estimate

of the delay,  which proves useful for software dcwclopnlcmt. ‘J’}ie gyavitatiollal  constant, p~,,

pr, =-- Glilr) (2.16)

wllcrc  G is the universal gravitational collstant, all[l  TtLl, is the lnass  0f body p. A higllcr-

ordcr terln (cx }/1) ‘/c’) colltributm to AC,P ortly  for observati  Oils cxtrmncly close to the ,Sun’s

lilnb (lltl{S, 1992).

l)cpcllcli]lg  on the particular sollrc.c-le(cilcl .geo]]lctry  ill a VIJII1 cxl)crilncnt,  a ]IulIlber

of apl Jroxinlatiol)s  arc possible for

argull  Icnts  in I;cI.  (2.14), we have:

the correct ion AC;l, of l;q.  (2.14). 1 )ropping  thC tilne
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(2J7)

‘1’llis forlnulation  is appropriate for tile lllost genera] geolllctry,  ill which r~ % r’~ % ?’Si.

l’or the practical case of ltartl-based \JIJl~l  with distal]t  sources and closely sl)accd Vljl)]

receivers,  II OWCVCT, Irz -- r] l/7’I - ~ O, ?’~/~S - > 0. ‘J’l~c  gravitational time delay  AC;l, Inay tlICII

]}(! vx])aJldCd  in tCrlllS  Of 7’~/7’S, ?’sl/r.. Nlakillg use of t}lc relations} lip

leads to

for 7’i/7’.  -+ o.

]fwcfurther  rcquirc that [r2- rl[/rl -+O,alld  ~nake  useof

r2=r1-i Ar

(2.19)

(2.20)

tllcn:

III the lilnit  of Ar/rl - } O:

subs t i t u t i ng  into Flq. (2.19) and Cxpanclillg,  the logarithln,  wc ob t a in :

(2.23)

llsing whichcwcr  of these tllrce  forl]lulatiolls  ltqs,  (2.17, U.9 ]~ or 2.23) is ~olll])~ltatiolltllly

ap]~ropria.te, t h e  c o r r e c t i o n  Ac;!,  i s  ca l cu l a t ed  fo r  ~a~ll of the lllajo~ l~ocli~s ill thc) SOlar

System (Sun, planets, IIartll, a]ld  Nlooll).  l“or sources ohservcd  ill tllc  Galactic l)lane near
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tllc  Galactic celltcr, t}lc  ill)lIlcl)sc  ccv)lral Illass  (01) tile order of 10]] SUJI ]Iiasscs) col)t,lit)Lltcs

a]] addit,iollal  delay.  Assu]nillg  a lnass  col]celltratio~l of 2/3 in tllc  IIUCICUS  and  tl)e currellt

cst, i]natc of our  distal)cc  fro]]] t}le  ccl)tcr,  it call  bc C5ti]llatcd that tile gravitatiolla]  irlflucllce

of Lllc Ga]actic cc]ltcr  o]i clcctrolnagl]ctic  sigy]als  cxcccds  that of tllc  Sun by a facto: of %40.

~~colllctrically,  this causes a lmlldillg of 1 alc sccol]ds for lay  paths within % 10° of the cclltcv

(for tl]e closest routinc]y  observed  radio source). IIecauscof  tl]c relativc]y  slow lnotio~l of

tllc  Solar Systcln  oll galactic scales, llo~vcvcr,  its tillle  variation is cxtrmncly slow,

lllcrcly  proclucxx  a quasi-static distortion] of t,llc sky,

IIcfolct llccorrcctiol)  AC:P can bcal)l)licdtoa  ~llo})crc iclaycoIlll)[ltccla  ccordillg

al)d it

to }tq.

(2.2), it n]ust  be converted froln a coc)l(lillatc-{  lelay  correction to a proper-cle]ay corrcctioll

al)prol)riat,c  to a near-1’;artll fralne. l~or sucl]  I)ropcr clcdays,  tllc gravitatiorla]  c.orrcctio~]  i s

given (e.g., ]Icllings,  1986) to good a~~~Jroxil~latioll  by

A~;p=Ac;l)--  (1 + y,,,, ~)(J7 (2.24)

w])crc ~ is t}]c ~)ropcr clc)ay  givml by l’;cl. (2.2),  al}d wllcre {J is tllc rlcgativc  of the gravi  -

tatiol]al  ~)otentia] of the given ]Ilass divided by C2, as obscrvccl ill the vic.i~lity  of the ltarth

(Uisa~Jositive  c~uantity). 'llllct~T  tcIll)i  sacollse{lllcllcco  ftllcrclatiol)sllil  jofcoo1(liIlate

tiIilct  (J~)rolJcltil  llc,all Cl tllc~F,I,~, U7 tclllli  sacc)llsc(lllcl  lccoftllcl  clatiollsllil)(  )fcoo1cli1late

distallcc to llropcr  distance,

‘1’lJc  total gravitational corrcc.tioll used is:

A’
(2.25)

wl]cre the sulnmatiol] ovcrpis  over tllc h’ lIlajor  bodies ir] the Solar  System. 11’or  the l’;arth,

tllc (1 + -y},},N)UT term itl l’hq. (2.24) is ol]littccl if ol]e wis})cs to ~vork i:l tllc  “’1’1)’]’ spatial

coorcli]latcs” t ha t  arcuscx]  i]] rcduc.tiollsof  l;artll-o]bitclcla  ta. ‘I’llcscalc  factor (1 +~PF,~)U

is al~l)roxill)atcly  1.97 X 1 0–8 for  tllc SUII. A  I]~l~lll~elo  fott~crc ollvcl}tiollsa  rcl)ossiljle.  ()]~e

of I,llese, wllicll  dots lIot orllit tllc (1

I’;artll’s surface, yiclcls al] additional

+ T, I.N)U7 tcrIn  for theltarth, tmtcva]uatcs  it at tll~

scale factor of 0.14 x 10 – 8. III citl]cr  case,  tile  II Iodcl

26



delay  is dccreascd  relative to the prolwr  delay. bIIscqucIItly,  all il)fcrrcd  ‘(lllcasurccl”  lmIgths

il)crcasc  by the same fraction  relative to l)rolmr lcl]g~lls  (i. e., by 19.7 parts l~cr billion a]lcl

2].1 l)pb i]] tllc  two cases).

SoItlc care ]nust be takml i]) dcfi]ling tile p o s i t i o n s  givcI] by r,, r2(iJ),  and rl(il). ‘1’hc

origi]l  IIas lIcrc bccII Aoscm as tlIc l)ositio]]  of tlIc gra~’itatiollal  ]nass at tlIe tiIne of closest

al)l)roach  of the rcc.eivcxl  signal to that, objcxi. ‘1’hc positioIL  r. of the source relative to this

origill is tlic  ~)ositioll  of that source  at the t,ilnc, /e, of the c]]lissioll  of the mc.eivcd  sigI1al.

l,ikcwisc,  tllc  position ri(ti)  of the ith rcceivcr  is its position in this coordinate systcm  at t,hc

tinlc of rcc.cptio]]  of the sigllal. }tvcm with this care in the dciinitioll  of the relative positions,

wc arc lnakillg  an approximation and  inlp]icitly  assuming that such an apl)roxirnatioll  is no

worse than the a~~~~roxill-latio]]s  used by h~oycr (1971) to obtain llq. (2.14).

Solnc  considerations follow, regarding  th[! use of appropriate tilncs  to obtain the positicms

of the emitter, the gravitatio~lal  object, al]d tllc  rcccivcrs. For a grw~illg  ray emitted by a

sourc.c at infinity,  using  the position of tllc gravitatil~g  body C at the tilne of reception of

the signal at station 1 (t]) rather than at the tilnc of closest approach of the signal  to G (i.)

can cause a substantial error on baselines with dimmsiom of the l’~arth,  as shown by the

following calculation. I“rom I“igi 5, the c]ista]lcc  of closest apj)roach,  A?, changm  cluring the

light transit tilnc,  t~,, of a signal from a gravitational object at a distance I{I(;C; by:

~,}lcrc  & is t}lc tillle  ~atc of C}lallge  of t,]le  arlg~llar ~)ositioll  of ~J a s  obse rved  frolll l;arill.

Sillcc the dcflcctioll  is:

(2.27)

(2.28)



W C collsjcler t})e two boclim c]f largest ]I~ass ill (Ilc Solar Systcvll:  tllc Su]] allc] Ju])iter.  l’or

rays I,l!at  just graze the surfaces, tl]cir rm]m’tive deflections A@ arc 8470  allc] 7$) Ilalloraclia])s.

l~~oltl S o l a r  systcm e]~}lcmlmicles, tile barycel)iric arlgular velocities & are mtilnatec] iO bt2

w 0 . 0 5  al)d 17 llrad/s  for the Su]] and Jllpitcr.  (’J’l]e  Su]l’s  :notio!l  itl tllc  baryccl)tric fralllc

])as ap~)roxi~nate]y the orbital  period of Ju~)itcr,  =] 2 years,  wit]]  a raciius OIL tlie  o]dcr of tl~c

SUTI’S r a d i u s ) .  lJsillg  approxilllatc  raclii  a]lcl  dista~lccs fro]ll Y;art]l to csti~rlate }{l;(, and  E),

ltq.  (2.2S) gives 30 nracl for Jupiter; the corrcspo]idillg  value for the Sun is o]]ly  0.05 nrad.

F’or a basclillc  WIIOSC lcmgth equals tlic radius  of tile IIlartll,  6( A@)lr’x; is tl)us approxilnatcly

0.03 and  20 cm for the Su]l and  Jupiter, reslwctivcly.  ‘1’hc effect is Inuch snlallcr for the SLIII

ill spite of its lIILICJ)  largcx lnass,  due to its cxtrcvnc]y  slow motion ill the baryce]ltric  fralnc.

111 view of tllc  very rapid dccre,asc of gravitatiol]al  dcflcctio]) wit]) illcreasillg  distallc.e of

closest al)proacll,  it is extremely improbable tl~at a randoI1l  V],]]]  observation  will il[volvc

rays passing close cwough to a gravitating bcxdy  for this conwctiol]  to bc of ilnportancc.  llx-

ccl)tio~ls  are cxpcriment,s  that arc specifically desigllccl  to lne.asurc planetary gravitational

bcllclillg  (e.g., ‘1’rcuhaft and  I,OWC, 1991).  III order  to guarcl  agail)st  SUCII an ulilikely  situa-

t,ioll in routine  work, and  to provide analysis  ca})abi]ity for slwcial  cxlwrimcnlts,  it is ~Jruclcllt

to p e r f o r m  tllc  transit-tirlle  C.orrect,ioll  for  all plal]ets  for a]] olmervatio]ls.  ‘JIO obtail]  t}~c

l)ositiolls  of tile  gravitatiol]a]  objects, WC c]n},loy all iterative l)roccdurc,  usi~lg t}lc  positiol~s

a~ld velocities of the objects at sig~lal  rccel)tion  tiIIlc. If R(ir) is tllc  posii, ion of tllc  gravita-

tiorlal object at signal  reception ti]nc,  t,, tl]ml t}lat object’s  ~)osition,  R(ta), at tile  ti]l~c,  f , ,

of closest approach of the ray path  to t,llc object, was:

R(i.) == It(t,) - V[t, - t.] (2.29)

‘1’his correction is CIOIIC iteratively, usiI)g tile velocity, V(tT),  as all al)~)roxilnation  of tllc

IIlcall  velocity, ~. Ilcc.ausc v/c % 10- 4 , tllc iterative solution,

R,L(fa) =- R(G) -  11{,,- ,(ia)] V(ir)/c
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ral)idly  co]lvcrgcs to tllc  required accuracy.

B. Time information

llcforc  c{)l)lill~lillgl  vitll  tlle(lesclil)tiCJ1]  cJftllcgc  c)l]lctliclllc  )(lcl,soll  ~c(lcfi]litic)llslllll  stl~e

illt,roduccd  concerning time-tag information  ill tlic cxpcrimmlts, and  tllc tillle  ul]its  wllic}l

lvill  appear as argummlts below. A ge]leral lcfclcllccfo ltilllc(lcf irlitiol]sistllc  l;:rpln TLafortJ

SI[pplcn2c7ii  (Scidcllnauu  ci az., 1992). ‘1’lIc C])OC}I tillliIlgiIlforlllatioll  iIl tile clata i s  takml

froln  tl]c 11’1’{;  ([J1livcrsal ~oorclillated  ‘J’ilnc) ti]uc  t a g s  ill tllc d a t a  strcalll  at station 1 ,

1J7’CI. ‘J’his ti]ncis  convcriccl  to ‘J’crrcstrial  IJyllalnic  ‘J’ilne  (7’1)7’) a]ld is also used as an

argulncllt  to obtain  au  a priori  cstimaic of Itartll oriclltatioll. ‘J’hc conversio]~ cousists  o f

tllc following c.omporlcllts:

7’1)7’== (7’1)7’–7’Al  )-t (7’A1- lJI’C~II;ItS)+ (U Y’CII;It.~--  Ul’CJSYIJ)

+ (LJI’CST1)- (J7’C1 )-I (J7’C, (2.32)

‘l)llc:  fo~lroffscts  illl’;c{.  (2.32 )t}l~ls scrIctoc  oIII’ertt llcstatiorl  1 tilncta gsto7’1-Yl’.  IIlturll,

Lllcir  lncml]illgis  the following:

1. 11’1)7’  - 7’AI is 32.184 scc.oIIds hy Clcfillitioll; I’AI (rJ’CInpS Atomiquc ]lltcrIla-

tional) is atomic tiInc.

2. 71A] --- [J7’CI1;RS is the ofl’set bctwccll  atoIl~i~  aIld cooIdiIlat~d  tiIll~.  ‘1’~Ic lUtCF

Ilatiollal  ltarth  l{ol,ation Scrvicc  (11’;  1{ S), its I) Yeclcccssor, }Iureau  IIltwmational

dc l’llcwrc  (11111),  and  Ilurcau Intwiatiollal  dcs _Poicls CL hicsurcs  (1111’hl)  arc

tile  coordinatillg  bodies rcsponsib]c  for ul)kccl)  ar]d publicatioll  of stalldard  tilnc

and  ltartll  rotation qual~titics. 71A] - IJY’CIER,S  is a  published  illtct+r SCCOII~

oflsct  (Icap  seconds) for ally cpocll after 1 Jauuary,  1972. l’rior  to that time, it

is a nlorc  coln~)licatcd fuuctio]l, which will  lIot h discussed here  sillcc llorlllally

]Io observations previous to I,lkc nlid-1970s are lnodeled.
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3 .  /J7’C11,;l{S  - U7’CSI11) is LIIC ofrsd it] lJ’J’C Mwwm the coordi~~at,cxl  tilnc sca]cs

ll)aintaincd by  the 11;1{S ( 1 1 1 1 ’  1 4 )  and scco]]dary  standards lnailltail]cd l)y nw

]ncrous  IIatiollal olgalliy,atiol~s. IJor \~lJl~l  stations ill tile U . S .  t h i s  secondary

standard  is that of the Natiollal IIlstitutc of Standards  a n d  ‘1’ccl~tlology (lXl S’J’)

in IIouldcr,  ~oloraclo.  ‘J’hcse oflscts call  ljc ohtaillml  frc~lll JIII’M (;ircular  ‘J1 (c.{g.,

lJI}’M, 1990).

4. UI’CSIJ) - UI’CI  is  the (ullknowl~)  offset betwcc]l  UrJ1~ kept  by  station 1 and

tl)c secondary national standard. ‘1’his IIorlllally a]nounts  to scvcra] ~[s, but lnay

not  IN precisely kllowll  for each cxpcrilncvlt. It is a source  of ]Ilodelillg  error:  an

er ror  At ill cpoc]l time causes a)l error of = llwF; At == 7.3 x 1 0-6  c m  pcr km

basclil]e  per }~s of clock error, where Ul is tllc rotation  rate of the ~arth (Scctioll

VI). l~or  the extreme case of a 10,000 k]n baseline, however, this an~oul]ts  to ol]ly

0.7 n)m per IIS clock offset; prcsc]lt-day  clock syl]chrorlization  is usually at least

all order of magnitude better, at the ll~ll~clrccl-l)  allosccc)llcl  level.

A  priori  U’J’I  --llrl’~ and  pole l)ositions  arc liorlnally  ohtaincd by illtcrpolatioll  of tl]c

11;1{S l;ullctin  A slnoothccl  va lues . IIOWCI’CI, ally other  SOUTC.C of U’]’] –1J’1’(~  and  p o l e

])ositioli c o u l d  bc usccl p r o v i d e d  i t  i s  cx]jrcsscd ill a left-hal]decl coorclil}atc systcnj)  ( s e e

Section 11.1t.1  ). l’art of the docummltatiol~  for ally ~)articular  set of results IIeccls to illcludc

a clear statmncnt of what values of (Jr]’] -- lJ’J’(;  a]ld ~)olc positio]] were used ill tllc data

reduction process.

l(’or the ]Jarth  Inodc] based  on the IAl

throughout (}{aplan,  1981):

1. Julia]]  date at epoch J2000 = 245

[ collvelltions,  tllc fol]owitlg  dcfinitiolls  arc cnl~)loycd

545.0.

2 .  A l l  ti~ne argu~ncllts  dcwotcd l)y 7’ lxlo~v  arc lncasurecl  ill Julian cctlturics  o f

36525 days of  the appropriate  tilnc relative to ihc epoch J2000,  i.e., 7’ =-

(JI) -- 2451545.0)/36525.
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3. l~or  the time argulnellts  used k) obtail]  prccessio~l , nutatio]l,  or to refer to the

Solar  systeIlle~~hcl~lcris, llaryccmtric  lJyllalllic  rl’illlc(7’lJll,  ‘1’cmps l)yllamiquc

IIarycxv)ttriquc) is usccl. ‘Jhis i s  r e l a t ed  to ‘J’crrcstrial  lj~llalnic ‘1’ilne  (?’1~~’,

‘J’c:lll~Js  l)yllalllicltlc  rl’crrcstre)  l>ytllcf  oll(jwillgal  )~Jroxilllatiol]}  \’llicll  isadcquate

foranatyscsof  V],]]]  olxcrvatiolls;

7’l~lJ==7’lY/’+  O.sOOl(XAsin(g+ 0.0167 sin(g)) (2.33)

where

g== (357.0528-{ 3.5999.0050 7’)X2T/3600 (234)

is the mean anomaly of t,hc ltarth ill its orbit. A ll~olcacc~lratcrelatiol~ between

?’l~}lancl 7’lX’’isgivcm  by Moyer (1981). With a total of ISterms, it accounts

for tile major gravitational effects of the planets.

111 the future, 7’IN1 alld 7’1)1] will bc rcplacecl by two new ti)nc  scales, 7’CJCJ and  7’C~ll,

geocmltricand  baryc.cntric  coordil]ate  ti]llc(}~~lkllsllillla  cl al., 1986). 7’llCSC will clilllini~k

tl]c]]cccssity  fortl]c rcscalil~gof  spatial coordinates that  was discussed in Scctioll 11.A.3.

C. Station locations

~oordi~lalcs  of the observing stations are cwpresscd in tllc ~;onvcntional  lntcrllatiollal

Origil] ([~10) 1903.0 rcfcuwllcc  systcm, writll  t}lc  rcfcrm~cc  I)oint,  for each antwllla dcfilied as ill

Section 11.(2. ‘J’hc  present accuracy level of slJace geodesy  makes  it ilnperative  to account fol

various iypcs of crustal nlotions. An~oIIg tllcsc  dcfor~natiolls  arc solid Itarth  tides, tcctcmic

Inotiol)s,  atld alteratiolts  of the Jtarth’s  surface duc t,o local geological, hydrological, and

at]]losphmic  procwxx. Mis]nodcld  dfects ~vill ]nanifcst  thc]nselves  as tmnporal  changes of

tl)e ltart}l-fixcc]  baseline. It is tllcreforc  ilnporta]]t  to JI)odel  all crustal ]notio]ls  as colnl)letc!y

as possible. ‘Jhe current levc] of misll]odclil)g  of tl)csc Inotio]]s is ])robably  one of tile lcadillg

sourcm  of systematic error (along  with  tllc trol)os~)here) in analyses of V1J]31  data.
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1’Jvaluatioll  of the tilnc dcJwl]dcrIcc of station locations is ]I]ost sinlp]y  dorlc by cstilllatillg

a Ilcw set  of coordil]atcs  ill t,hc least-squares ~)roccss  fol cacl) V],]]]  observing  sessio]l. l)ost-

l)roccssing  software tllel)  ]nakcs  lil]car fits to tl]cse results to infer  tllc tilnc rate of challgc  of

tllc statio]]  loc?itio~).  ltor rigorous illtcrprQtatioll  of tl)c statistical sigllifica!lcc of the results,

care nlust }jc takm] that tllc correlations of coordinates cstilnatcd  at difrerc:l]t  C]) OCIIS arc

.aCcount!cd  for propc!rly. ‘lllIC  a(lvalltage  of t,llis al)proacll  is that tllc  c.olltril~utioll  of cacll

session to t}ic overall ti[ne  rate Jnay bc illdcl)mlderltly  evaluated, since it is clearly isolated.

A l s o ,  Iio Inodcl  illforltlatioll  is illlposcd  01] tlie solutiol). AIL altcrxlativc  sccon(l al)proacll  i s

to lnode]  lollg-IJcriod tcctollic  lnotioll  directly, allcl  to i])troclucc tilnc rates of cllangc  of the

station  coorclillates  as paral])ctcm. ‘1’}lc  ]nodc] is linear, with tl)c ~artcsiall C,oordirlatcs  of

station i at tilllc  t cxpycsscxl as

IIerc to is a rcfcrcllcc  epoclt,  at w}lich t}le  s ta t ion coordil)ates  arc (?~, y:, z:).

1.

v],

Tectonic plate motion

A s  altcrllativcx to  cstimatillg  li]lcar ti]I]c  dqJcIIdeIIcc  of  tllc statioIl  coordiI1atcs  froIl]

111 cx~wri]ncllts,  scwcral  standard lnoclels  of tectollic  plate I[lotioll arc available. ‘J’l]ey  all

dcscribc the Inotioll  as a rotation  of a givcll  rigi(l plate (spllcrica]  cap) about its rotatiol]  pole

o]) tl]c surface of a spherical ltarth. ‘1’ilnc  de])c’lidellcc  of t})c (;artcsiarl  station  coordinates

of station i w}]ich resides 011 plate j is expressed as

(2.38)

(2.39)

(2.40)
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WI](’I’C u;. V,2 arc the angular vclocitics,!.

}fltllougll  these nlodcls  arc based  on ~}alcomaglletic  data spal)nil)g  Inilliolls o f  yea r s ,

the latter. ‘1’lIc first global lmctonic

and was also the first to bc used ill

~)apcr. hlorc  rccmit  moclcls,  d e n o t e d

tlIcy liavchccn  found  to provide a good qualititativc  c.llarackrization  of prcsmt-c]ay  plate

]Ilotiolls,  t]lus attcstlillg  to the slllootlI character  of

~Iloticm  I)) OCICI is clue’to hfinstcr  and  Jordan (1978),

V],]]]  allalyscs. I t  isdm]otcxl  Ah40-2 i]] tllc  original

Nuvcl]  and  NN1l-N~l~cll, alecl~lcto  llchlcts[t  c{l. (1990) and  Argus and Gordon  (1991),

rcspcctivcly.  In Nuvcl],  the l’acific plate  is  statiollary, wliilc AT NR-NuvcI1  is based 01)

tl]c ilnposition  of a no-net-rotation (INN]{) c.olldition. ]naclcquate  knowlcclgc of tllc  intcnmal

nlcchallics  of the l’larth  nlakcs  uncertain any abso]utc  dctcrlnination  of plate rotation relative

to tllc  dcc~) interior. IIcncc  the NNR conditio]l  is custo]narily  inlposecl:  v x r illtcgratecl  over

the l;artll’s  surface is constrained to bc ZCIO (v is the velocity at point r on one of the rigidly

rotating tectonic. plates). With sonle  notable exceptions, the Nuvel]  nlodcls  give rates that

arc very C]OSC to those of the AM O-2 n-Iodcl. ‘I)hc A hJO-2  ]ndia  plate has becvl  split into two:

Australia and  lndia,  allcl them are four additional plates: Juan de l“uca, l>hilippine,  l{ivcra

and  Scotia. A rcccnt revision of the palcolllagllctic  tinlc scale has lcd to a resealing  of tllc

Nuvel]  rates. ‘1’hcsc ‘( Nuvc1l  A“ and  “NNI{-NuvcI1 A“ model rates arc cqua] to the NUVCI1

and NNR-Nuvell  rates, respectively, lllultiplicd  by a factor of 0.9562 (lkhlck  d al.,  1994).

‘1’able 1 shows the angular velocities of the 16 tectonic plates in the NN}l-Nuvcll  A model.

2. Tidal station motion

{;rusta]  lnot,iol~s  with pcriodicitics  rallgillg  from hours to years are known as tidal effects.

h4ally of tllcm  ])roducc  station displace~ncllts  tl~at arc far larger  than those  caused by tcctc)]lic

n]otiolls,  and  ]IWX1 to bc inc luded  in  Inodelillg  V],])]  obscrva.b]cs. ‘1’hc ticlal  dis})lac.mncnts

can lJC classified into several categories, based  on tlic  origin of the tide gcllerating forces.

III colltcln~)orar~~  V],]]]  models, four such cat,cgorics arc IIormally  included. in the stalidard

terrestrial coordillat,c  systenl,  tllcsc  ticlal cfl’ccts nlodify  the station location r. by all alncjullt
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A  : A S{,(  + AI,(,I -{ AOC,,  -{ Aaf,,, (~..j] ) -

where tlw  four tcr]ns  arc duc to solid ltartl]  tides, pole tide, occall loading,  and  atlnosp}~ere

loadillgj  rcsprctivc]y. Otllcr l’;artll-fixed effects (e.g., glacial loading) call  bc il]corporated

by cxtclldil]g  tllc dcfi~litioll  of A to include  additional  tcn])ls. /111 four ticlal effects arc Incmt

casi]y ca]culatcd ill so]nc’ varia]]t  of a \~l;N (Vertical, ];ast, Nort]])  ]ocal gcoccnt,ric cooxdillat,c

systcn].  ‘1’o transforll)  thcm to tllc };art l l -f ixed coordinate  frame, the trallsfo~~)latiol)  VW,

givf.vl  in tile  IIcxt sectioll,  is ap~)]icd.

a. Solid l;artll  tides

~alculatillg  the shifts of L1lC positiolis  of tllc obscrvillg  statiolls  caused by solid l~art}l  tides

is rat}icr  co]nplic.atecl due  to tllc solid tides’ cou~)ling  wit]] the ocean  tides, and  the cffcc,ts  of

local geology. SoInc of tllcse  colnplicatiol}s  are addressed below (e.g., occall loading.  ) ‘J’]Ic

isolated simple  moclcl  of ltartll  tides is the IJlultipolc  resl)o]lsc II1OCICI  clcve]opccl  by Willialns

(1970b),  WI1O used  h4elcl)ior  (1966) as a rcfcmv,cc. l,ct R], be t})c position  of a ticlc-producilIg

sourc.c ill tl]c gcocc]ltric  rcfcrcncc  systmn,  a]]d rO the station ])ositioll  ill the salllc  coordi]latc

systc]n.  ‘1’0 allow for a pllasr shift (+) of tllc tidal effects  fIoln  its I]onli]lal  value  of O, LIIC

phase-shifted station  vector  r ~ is calculatcxl fIOIII  r. by aj)plyillg  a lllatrix  1,1 dcscribi]]g  a

rigllt-llalldeci  r o t a t i o n  throug})  all allglc #~ al~out t}le  Z a x i s  o f  d a t e ,  r. =: l,ro.  ‘1’his  la~

lnatrix, 1,, is:

I) = (2.42)

A positi~’c  valucI  of {~ ilnp]ics  that tlic  peak respo]lsc  on all ltarth  lncriclian  occurs at a tilnc

\ool

Al z @/wF; after that Inericlian I)la]]c co~)tai~]illg  r. crosses tllc ticlc-producil]g  objcc.t,  where

Lo](; is tile allgwlar rotation  rate of the l~artl). No departures  froll~ a zero  pllasc  shift  h a v e

bcx:JI detcctcd:  tllc peak rcvspo!lse occurs W1lC]I  tl~c IIlcridiall  pla]le colltaillillg  r, also il]cludcs
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‘1’hc

(2.43)

tiollal constant) ml, is the lnass of tile perturl)ilig source, l?~ and 1’3 are IJcgclldrc ]Jolyrlolnials,

allcl O is tile angle betw’cml  r~ aI)d ]{l,. While  tile quaclrupo]c  clisl)laccnlcnts  arc 01) the orclcr

o f  50 c.]n, tl)c lnass  and  clistallcc r a t i o s  o f  tllc  l’;arth, N!oo]l, a n d  SUII lin]it  tllc octupole

terlns  to a few In]n. An cstilnatc  of tllc retardation correction (c]n~)loyirlg the positiorl  of

tllc  tide-producing mass  al, a tilnc earlier tllall that of the observation by all all]ount  cqllal

to the ligl]t-travel tilne) snows that this corlcctiol)  is well below 1 nlnl, and  c.all therefore be

IK’glcctccl  .

III a local geocentric V};N coordinate systcIn  0]1 a splicxical F;arth,  the tidal clisplaccmcnt

vector  6 is

(i) 1’
h~[gfi),  g:), g3 ] (2.44)

i

WIICIC tllc  g~i)(i = 2, 3) arc the quadru]m]e  aIId octu})olc displacements. ‘1’hc c.oInponcmts  of

6 arc obtail]cd  from the ticlal  ])ol,cntial  as

$l\*) = )ll[li/{] (2.45)

(2.46)

(2,47)

where  ~~~(i == 2, 3) arc tllc  vertical (quad  rupo]c  alld octu~)olc)  ljovc numbers, l~(i  == 2, 3)

tllc  c.orrcspollding  horizontal  IJovc IIUIIIIKW, and

latitude, and  g t}lc acceleration duc to g[avity,

~. allci ~. arc the statio]l  longi tude slid

(2.48)

lJsil~g  the relation Lci,wcml  terrestrial and cclcstial  coordinates,
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c.os O = si]~ ~~, sill  fi~, + cos ~~, cos 6], cos(~,  -1 OC; – OJ, ) (2.49) -

w i t h  al,,  d~, tllc  right  asccv)sioll  and  declina(ioll  o f  tl]c pcrturbil]g  body,  WIC1  OCJ the Iig}lt

asccvlsioll  of Grccnwicli,  solilc algebra })roduccs  tl)c following cxl)ressiolls  for tile  quadrupo]c

and  Oct, ul)olc Colnl)ollc’nt,  s of 6 ill terllls  of t IIc coordinates of tllc station (~~, y,, z~) al)d the

ti[ie-l)lo(lllci)lg  bociies  (Xl,, l;,, ZP):

3PPr~ (r$ ~ RP)2 r~l{~
[  ““------

go’)  . . . (h/g); —i: ‘- ~ ‘ - (i----1 (2.50)

(2.51)

3}lpr:(3) ,- (/3/g) x -~]i;Q
-[

5(r$ . RP)2 -
r%

wl]erc ~11, is tllc  ratio of the lnass  of

(2.53)

(2.54)

][d
————_

r: 1{; . ~r 2 -t y: Zr,
1

. . —>_=(T.x,, + y.}(,) ( 2 . 5 5 )

r& i y:

lIc disturl)i]lg  t.mdy, p, to the. lnass  of the }~,art}],  and

,,
R], = [x},, );,, 21,]’

or froln tlic  center of the l~;artll  to tl]at  b o d y . ‘1’lic  sumnlatiotls  arc I

])roduci]lg  bodies, o f  w h i c h  orlly the SUII a]ld tl]c MOOII are I]orlnally  illcludccl

work considers 10W-1CVCI ~Jlanctary col)tributiolis  (llartlllallll  and Soflel, 1994; I

aIId WcIIzcl, 1 994 ;  Williallls,  19{)5),

l)ortallt. h!atllcws e.t al. (1 995) l~avc

tl]c dcrivatiol]  of tllc  tidal ~)otclltial.

of  wllicll that of \’cllus appear s  to  be tile

(2.56)

vcx tide-

Itc’cc’Ilt

artma]]ll

l]ost  il1l-

rccelltly  lc-cxalni~lcd  tl]e basic  clcfinitiolls ulldcrlyillg

‘1’llcy COIICIUCIC  that the lnost  reasonable ddillitioll  is
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cmc that uses tllc rcfcrcllcc  ellilmid,  and thus illl})lics  that tllc l,ov[! IlulIllmrs  IIavc a slight

la(itudc dqmndcmcc.

‘1’llc al)ove for]nulation  inlplicitlly  assulllcs  that the I,OVC llUlnbCrs  ~1~ alid Ii are indclJcn-

drIIl, of tllc freque]lcy  of IJlle tide-gcllcratjillg l)otclitial.  l’rol)cr  trcatlllellt  clltails  a }Iarlnollic

cxj)allsion  of l’k]s.  (2.50)-(2.55) and use of a diffcwvlt  set of }/z, Iz for cacll frequency  con]-

l)ollcllt. l’rcsc]ltly,  only the six largest  ?)early diurlla]  colllpollents  are allowed to IIavc l,olc

5 . V]. l~acll  harmollic  tcmn is dc-]]u]nbcrs  that diflcr  froln t,llc stanclard  values givml  ill ,’cc

llotcd  hy its historical (I)arwin)  nalnc, if olIc exists, and tllc 1)00[1s01]  code (ll;l{S, 1992)

(e.g., K, a,]d l)oodson  ]lu,nbcr  = 1 6 5 5 5 5 )< ‘1’l,c l)oodson  notatio,,  classifies tl,c tidal co,n-

})oncl~ts according t,o increasing s}mcd. ‘J’l]e corrcdioll  to the IJovc number  scaling the solid

tidal radial dis]jlacclncmt  for tllc  kth harl]lollic  tcmn at station s is given by

fih~k = 6h~llk(~/24~)  .3 sill #). cos ~~s sin(~$  -+ Ok) (2.57)

where 6h!j is the cliffcrcmcc  bctwecll  the llonlinal  quadrupolc  (h2) ljovc llulnbcr  (0.609) and

t])~ frCqUcnCy dCpCl)dCnt  ],ov(?  nunlbCl  (\t~a}ll , 1{)79), l/& is thC aln]>litudC of t}lc kt}l llarnlonic

t)crlll  ill the tide generating cxpansioll  fro]]! c~artwrigllt  and l’kldcn  (1973), @, is the geocentric

latitude  of the tllc  station, AS is tllc  l;ast longitude of the station and Ok is the kth  llarlnol]ic

tide argunlcnt. ‘I)he IJove nun~bcrs  and tidal anlplitudcs  arc listed  in ‘J’able II.

‘] ’hcsc ol)tiolia] corrections yield (hlaud(t,  1994)  additio]lal  ]~urcly  vertical statio]~  dis-

])lacc]neIlts  (i])  Inn]) of:

lJ, (1 66554)

(165565)

K~ (1 65555)

(l[i5545)

l’~ ( 1 63555)

o~ (145555)

(2.58)

(2..59)

(2.60)

(2.[;1 )

(2.62)

(2.63)



wllcre  ~~j As, CYC; are the statim]  latitude and  longitude al]d ~]rccllwich RA,  r e spec t ive ly .

‘lllIC astrol}olnical  argulnclits  1’, 1“, 1), f] (lIlcalI  allolllaly  of  tile SUIJ) rncall argulnclit  of tile

latitudcoft,he  Mool),nlca]l  clollgatioll  o f  t!lch40011 frollltl)cSuIl,  allcl t}lcrIlearllollgit{lclc

of tllc  asccl]dillg  lunar ]Iodc) arc dcfil]cd  ill SCIC. 11.1;, ‘J’l~cse  (lislJlaccrr]eIlts  alctl)cIl sutl]lncd

alicl  tl]c total is used as tl)e first, order  collcctio]l  to each station’s vertical dis~)laccnlmlt.

]lorizo~ltal  colrc~ctiol]sar  (’JJrcseIltlyig  liolc(l.  Notctllat  tllcla]gcst  corrcctiol],  tlleK1 tertn,

i s  idclltica]  t o  tl~at  already rccomInc1]dcd  ill 1985 by t h e  L4131{I’J’  st,a)ldards  (h4cl}jou111c

et Ul,, 1983, 1985).

‘J’o coJIvcrt the loca]]y rcfcrmlccd  displaccunctlt,,  6, w]lich is exJJrcssed  in t h e  local  VI:N

coordinate  systen], to t}lc Narth-fixed fral[lc,  two rotations Inust  be pcrforrncx]. ‘J’hc first,

W, rotates by a]] angle, +. (statioll  geodetic latitude), about, the y axis to all eqLlatorial

Systcrtl. ‘1’l]c  scc.end, V, rotates about tllc lcsLlltal~t  z axis by angle, --AS (station  lo~lgitudc),

i,o bring t}lc displacenlcn~s  into  the stal)dard geoc.clltric coorc~illat,e  syste]n.  ‘]’hc resLl]t is

v wli (2.64)

W]lcre

Zilld

(2.&5)

(2.66)

(2.67)



c#)s  =- tall- ‘{2s/[)s,,(1 -  1/021} (2,6s)

where j is t,hc gc’oid flattening factor  and Tsl), = (~,2 + rS2)]~2 is the statioll  radius from the

l~arth’s  spill axis. ‘J’hc  diffcrc~)cc bctwceli  geodrtic  and geocentric  latitude call affect this

]nodel  ml tllc  order of (tidal cffcx%)/(flattc]ling  factor) = 1 nlln.

b. l’ok’ tide

(J]lc of the sig]lificant  scco]ldary  tidal ~frccts is tile disl)lacclncnt  of a statioli  by the elastic

response of the l~;arth’s  crust to shifts  in the spill axis oricultation.  ‘J’hc spill  axis is known

to dcscribc a circular path  of % 20-m dialncte  rat the north JJOIC with  an irregular  period

somcwhatl  ill cxcms of one year. l)cpc]ldillg  oli where tile  spill axis JJicrccx the crust at tile

instant of a Vl,lll  rneasurcment,  the ~’l)olc  tide” disp]acenlcmt  will vary from tilne to time.

‘J’llis  effcc.t  Inust  be inc.luc]cd  if ccnltimctcr  accuracy is desircxl.

---- Yodcr  (1984) and Wahr  (1985) dcrivccl  all expression for the clis~)lacmncnt  of a point at

gcoclctic ]atituclc  ~,, longitude ~. CIUC to the pole tide:

IIcre ti~;  is the rotation rate of the l;artll,  lt tllc radius of the (spherical)  l{;a,rt,h, g tile

acccleratic)ll  clue to gravity at the Itartll’s  sllrfacc,  and h ancl 1 tllc  custolnary  l,OVC llunlbcrs.

l)isl)lacmncnts  of the instantaneous spill axis frc)lll the loltg-tcrln  average spin axis along the x

ancl y axes arc given by pr and pu. l~~cl.  (2.69) SIIOWX how these ]nap  into station displac.elnents

alollg the urlit vectors in the raclial  (~), latituclc  (4), a~)d lo])iitude  (A) directions. Wit}l the

standard values w~j = 7.292 x 10 -s racl/scc., }{ = 6378 km,  al~d g = 980.665 CIn/SCC2,  the

factor w~,.1{/g = 3.459 x 10-3.  Sillcc tllc )naximuln  values of p~ and pv arc on the order of

10 nlcters,  ancl h = 0.6, 1 w 0,08, the lnaxilnulll  ciisplac.clncrlt  duc  to the pole tide is 1 to 2

cln,  dcpmldil]g  on tile  location of the station (q’~,, ~,)i
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‘ ]  ’])(? ]c)d]~ d~~cI]d  dis])]a~~]ll(?]l~  6 is ~]’al]sfol’]nd  Vja t]l~  sUitii]J]~  IIlodifi(id  tl’allS-

forll~ation [I;q. (2 .67) ]  to  give t]]c disl)lacelllcllt  AZ,(,l  i]} tile  standard  gcocmltric  coordinate

syst~]]).

‘J’llis  scct,iol)  is co])ccrl]cd kyitl]  al]otllcr  of ttic secondary  tidal effects, l)aIIlcly  tllc  elastic

rcs])oxlsc  of the ltarth’s crust to occa]] tides,  wllicll lno~’cs  tllc observing  stations to tllc  cxtcllt

of a fcw C’11”1. Such effects are coImIlolIly called ‘(occa]l loading,  ” ‘1’llc! currcllt]y  standard

Iflodcl  o f  occall loaclil]g is  gmlcral cllougll to accolnlnodate  cxtcrllally  clcrived  I)aratnctms

describing tllc  tide phases  and  alnplitudcs  at a Ilutnbcr  of frec]ucmcics. ‘]’hc locally referc]lced

tlllec-clilncllsiollal  displac.mnmlt  6 (colnlmlIclIts  hj) clue tc) occatl  loading is related  to the

frcquc]lcicx  (L&’~), anlplituclc.s (<~), al~cl ]hascs (6/).  111 a local ~artcsiall  c o o r d i n a t e  systc[n

(usually wit]] unit vectors irl the vertical, l;ast,  and Nortl] dixcctiolls)  at tinlc i,

&j = ‘&(: Cos(wt t + It -- ~~) (2.70)
i= 1

‘1’hc’ qualltitics  Wi  (frcc~ucmcy of ticlal col)stituel~t  i) al)d 1{ (astrollonlical  arguT1)cllt  o f  coli-

stituent  7) dcpmlcl  only 011 the cp}lclnc:rjs  ill follnatioll  (l)ositiol]s of the SU1] ar]cl Mool)). ‘1’llc

algorith~n  of Goad  (lltIt S, 1989) is usually used to ralcu]atc  these two qualltitics.  0]1 t}lc

otllcr  }Ial Id tllc anlplitucle  (~ a;lcl ~;remllvich  ])l]asc l a g  6: o f  corn~)o]lcnt  j arc clctcxlnillcd

by t,l)c l)art,icular  lnodel  assumccl for tllc dcforlnatiol~  of tl~e Y;arth. ‘J’}]e local clis~)lacelnc~lt

VCC1OI is tral~sfor]ncd  via }tqs.  (2.67) and (2. (;4) to tile disl)lac.mncl~t  AOC,, ill tl]c starlclard

gcc}cclltric  franlc.

111 l)rcwcnt nloclcls, t}lc l o c a l  displacell!cllts  al~d t}lcir  p}lases,  ~~ allcl 6:, are calcu]atecl

fro]]] all oc.call tidal loading  II1OC1CI of clloicc at as l~lal]y  as 11 f r equenc i e s .  ‘J1}IC  C] CVCII

co]]]])c)IlcI]ts  arc dm)otecl,  ill standard  ]Ic)tatioll:  1{2, ,5’2, 11~2,  al)d N2 ( a l l  with  ap~)roxi]natcly

12-110111 ~)criods), Kl, 1’1, 01, Ql (24 11), fly, (11 day),  Af,,, (~J)ollthly),  and  S’$d  (scnniarlllual).

‘1’llrcc c}loiccs  of occal) loacli]ig  II1 O CI C 1 S IIave t)ee]l used OVCI tllc years. ‘1’}]cy  cliflcr  i]]

t}le  displamllcvlts  that ale calculated a]ld tile IIUIIIIJCI of coml)ollents  that am c.o]lsjdcwd,
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as well as ill tltc  numerical values tl]at tl}cy  yield for tl)c f~s a]ld b~s.  Scl IcrI]cck’s  results

(1 983, 1 991) arc the nlost  conl})lctc  ill tl)e sellsr  of collsidcril]g  both vertical  al)d horizontal

displacclncnts  and  all clevell tidal colIIIm]Icllts. ‘1’l]ey l]avc nc)lv bccvi adopted for t}lc 11’;1{S

standards ( 1  992), ancl co]nposc  tl]c defalllt  occall loadilig  lnodcl. Gc)ad’s  Inodcl  (1983)

was adopted i]] I,IIC h~l’; l{.lrl’  and carl~’  Iltll  S stal]darcls  (1989), bLlt only co~lsidcrs  vertical

dis))lacclnmits. l’agiatakis’  (1 982, 1 990) ]]loflcl, basccl  on l’agiatakis, ljallgley,  and  Y’anicck

( 1 9 8 2 ) ,  considers  only six tidal  coIIll)oIIrnts ($2, Nlz, ATZ, l{,, ]),, al)d ~j).

An cxte]lsioll  of the 1991 SchmvIcck IIiodel  (Schcrncck,  1993) accounts for lnodulatioll

of the CICVC]] tidal  freclucncies  by multil)lcs  of A]’, the lunar noclal period (1 8.6 years). ()])

tl)c assuml)t,iol] that these additional terllls  yield oc(!all  loading  alnplitudcs  wllicll  arc in tl]c

sa,nlc r a t io  to ca,ch n~ain  loacling  tcr]n  as tl]c com~ialliorl  t i des  are to t}lc main  ticlcsl  the

aclditio~lal  station displacxmcmts  call bc written as

Wllerc the k sun]nlatioll  extends  OvCr all integer  multiples 72~~ Of th~ lurlar  l]OCIC fV’, and ?$~;

is t}lc  ratio of the tidal  amplitude of each colnpaliion  k to tllc tidal alnplitudc  of tllc  ~)armlt

i. Of 26 SUCII  c o m p o n e n t s  listed  by ~artwrigll(  and lkldcll  (]973),  20 arc csti~natcc]  to lx

sigliifical~t,  in colltributlillg  to tl]e largest occall loading displacclncmts at tllc 0.01 ~nln level .

‘1’al)]c  111 snows the ]nultip]cs  ?lki  and all]})litudc ratios  ?’~~ fOl tllCSC  20 COIHpOllC’lltS.

In pushing the limits of l~arth  modcli)lg  to }mlow 1 mn accuracy in tllc  mid- 1990s, occall

loacling station displacements arc onc aspect of tlie  Inodcls  that, arc undergoing  close scrutirlyo

IIlitial  trials indicate that ocean  loading alnplitudcs  call  bc derived from V],]]]  Cx})erimcmts  at

an al)proxi]natc  accuracy level of 1-2 In]n (Severs, 1994 ). W}Ien estilnating  l)aralneters,  great

care ]nust  bc used i]} orclcr  to avoid singu]aritics  due  to tllc iclcl)tity of conlpol  Icllts  of statioli

dis})laccmmlts  (< ’co]lfouncling  of paralnctcrs’)  ). Sillcc  soInc coIllponcmts of Ocean Ioadillg,  solid

l’;artll  tides, and  oc.e.an tidally irlduced  11’11’M variatio~)s  IIavc t}le same frmqumlcics,  ccrtaill

lil)car  colnbillations  of the station clisl)lacc]nmlts

11.(~.2.a  and  11.1’; .l.c).

41

hat tlicy cause arc identical (SCC Scctiolls



3. Non-tidal station motion

h4a11y otl]m  proccsscs  take place  ill tllc  ltartll’s atrnosphcrc  atld ill its crust  that affect  tllc

locatiol] of a]] obse.rvillg stat$iol] 01] tilllc sca]es rallgillg frotn scco]~ds  to years,  and d i s t a n c e

scales rallgiI]g fro]]) local to global. l)rcscllt kllow’leclgc of sucl~ ])roccxses  is Sketchy, hut both

t h e o r e t i c a l  and cxperi]nel)ta]  rcsearcll arc st artilig to provicle useful msu]ts. I ,ocal ~)roc,esses

illcludc the dfects o f  groullci  watm and S])OW  cover rcdistributioll, a~ld ]naglna cllambcr

a c t i v i t y  irl volcal)ically  active areas. l~,frmls that  have IIIOrC widcspmad mprmcussiolls  a r c

atlllosljhcric loading  and post-glacial  Iebouitdi 111 colltrast to the ticlal effects ,  w}]ose ti]ne

depCIIdCIICC  is fixed by  the pmciscly  kllowl) lnotiolls  of the bodies of the Solar systxmn,  the

lloll-tidal  l)rocesscs  do ]Iot have  well-k~low’li, }wrioclic  tinle depenclcllcies.  ‘1’}Ic two ‘~g]obal”

efrccts,  at,lnosl)hcn-ic  loadirlg  allcl post-glacial rcboul~d, arc discussed briefly iri the Ilcxt two

scctiolls.

a. A ttnosphcrp loading

I]Y alla]c)gy wit}l  tllc  oc.eal)  tides  that were cmlsidcwd  ill the previoLls sect ion,  a  tinlcJ-

varyillg atll)os]~llcric }>ressurc  distributio]l  call a l s o  illcluce c.rustal cleforlnatioll. ltabbel and

SclIuh (1986) first  estiInatcd  tlIc effects of atlnos]>hmic  loadirlg on Vl,lll  baselillc  detcrllli-

]Iations,  a]]d concluded  that they Inay a]]loullt,  to ]nar]y  ~nilli Imters of scasoxlal variation]].

III co]ltrast  to ocean  tidal effects, a]lalysis of tlIc situation iIl the atInos])hcric  case does IIOt

bcvlcfit  fro]~l the prcsel]ce  of a well-~]]lclcrstc)()(l  periodic driving force.. Otherwise, estirl]ti-

tioI]  of atlnosphcxic,  loadi]lg via GrecYI’s  fuIJctioIl  t,eclltliqucs is a]lalogous  to Incthods  LIsed

to calculate oceal~ loadiIlg  effects. ltabhel  and  Schuh  rcco]nmcmd a siInplified  forln  of  tllc

dqm]de]lce  of tile  vertical crust dis])lac.eIllellt  011 ~)ressure  distrit)utio]l.  It i]]volves  oIIly the

illsta]~ta]leous  pressure at tl]c site ill qucstiollj  a]ld a]] ave.rage pressure over a circular Icgioll

C of radius II? =: 2000 k]n surroullclillg  the site. ‘1’l]c expression for tile  vertical dis~)lacelnc]lt

(11111])  is:

Ar = - 0“35])” -- o.55j) (2.72)
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wllcrc  p. is the local pmssum aIIol IIaly (Iclative to the standard  pressure of 1013.25 Inljar),

all{] j) is  the ])rcssure anolna]y  w’itllill tllc 2000 -kIIl c i r c u l a r  rcgioll Inentioncxl a}jove  (bot}l

qualltitim are i~l lnbar). N o t e  that tl]c rcfcrcl]cc  p o i n t  f o r  t}lis clisp]acC1l)ellt  is t]lc s i t e

locatiol~ at stallda~cl ( s e a  level) }Jrcssllrc. ‘]’IIc local ly rcfcrellcccl A7. is trallsforlncc] to tllc

standard gcoccl]tric  coorclillate systcl]] via tllc tra[Isfollllatic>ll of ]flq. ( 2 . 6 7 ) .

Such a ruclilnmltary  Inoclcl  is recently Lcil]g  used as a]] optiolla] part of the Vl,l;l ]tlodel.

A  IllecllaI~islll  folcllaractclizil~ gtllc])r ess~llcallc J1t)alycxl~ lesscstllct wo-clil~lcI)sioIlalstlrf acc

])rcssure clistributiol]  (relative to 1013.25 llll)ar) surroullclitlg  a site as a quaclratic. polynolnial

P(Z,Y)  =- PO + AIZ - t  .4zy-+ A3x2 -1 A4ty -1 A5y2 (2.73)

whcm x allcl  y am the local lta.st a]ld North  distallccs  of tllc point  ill questioll  fronl the V],]]]

s i t e .  ‘1’lIc pressLlrc  allonlaly  j) lnay  t}lcm  1-w cvaluatccl  by t}ie  simp]e  integratioll

p= IL (h! d?J })(T, ?J) / / ~  (]x dy
,’

(2.74)

giving

f) = pO + ( A3  + A5)R2/4 (2.75)

It rclnaills  tlIc task of tllc data arla]yst  to l)crfol  Ill a quadratic fit to ally available area weatllcr

data to clctcrn]ine  the coeflicicmt,s  A1_ 5. }~utule advances ill undcmtandillg  t}le  atnlos~)herc-

crust elastic illtcractio]l  can probably bc accolll?)lodatcd  by adjusting the cocfficimlts i]) ltq,

(2.72). As an initial step  alollg these IiIlcs,  a statioll-(lc~~cll(lcrlt  factor ~ is illtroduccd  to

scale tllc  SCC.OI]C1  coef[iciellt  in Eq. (2.72):

Ar == - 0.35p0  - 0.55(1 -+- ~)j) (2.76)

‘1’llis ]nay  account- for differi]]g  geograJ)llical features surrounding different sites. III ])articll-

lar,  .f n]ay  dc]mId OII the fractio]] of occali kvitllill  the 2000 kIjI radius. SOIIIC rccmlt  al]alyses

IIavc ])roduced  cIn~)irical  cxti]natcs  of atnlosp}]crc  loadir)g coefficients for a Ilu]nl)cr  of sites

(h4aI]abc  ct ul., 1991;  vatl l)aln allcl llcrri]lg,, 1994; h4ach4illa11  and Gipson,  1994; val] l)aln

ri al., 1 994), It, is IIot yet clear wlletl  Icr tl]c site  variation of LIICM Wcfficicnlts  is fmc fm]]~

otl~cr Systm]]atic  errors.
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b. l’ost-gla cial rebourj  d

‘J’lliclc  glacial icc sheets covcrillg  Scalldillavia, (;rm\laIld, and  Canada ~nclted =10,000

years ago. 'J'llcrc1130val oft}leir coIlsiclcral~lc \$'eiglltl  ~Icssi1lgoIl t}lcltalt}l’  scl~lstisl  ~clictf’(1

to result ill re]axatioll  ( “rcboulld”  ) Lllat colltillucs  a! prescIIt  (rllus}lillgllaIn  aIld I’clticr,  1991 ).

‘J1llc  I1lagIlit~lclc~  oftllis Illotion isestiIIlatcd to bc as large  as several 111111  /yr, ~)rc:(lo)llillalltly

ill the vertical dircctioIl,  at sites i]) and  IIcar the locations of allcicllt  glaciers. ~urtetlt  tllc-

ory of dc@aciatioIl  effects is not yet sufficiultly  dcvclopcd  to ~)roducc  unambiguous results.

‘J’l]c paramckrs  dcscribil]g  clcglaciatio]l }Iistory, as wcl] as tlIc rhcological  pro]) crtics of tl~c

ltarth)s malltlc, are IIot accurately kIIowI1. Nevcrthclcxs,  it appears that rcasonab]c  pararll-

ctcr cl)oiccs yield soInc agrccmcnt with cvnpirical IneasurcIncnts  of bascli Ilcw in the affcctcd

areas (hlitrovica  ct cz[., 1993; I’clticr,  1995).

ITI sulnnlary,  models have bccll prcscmtcd that  clescribe the four lnajor  tilnc-dcperlclerlt

station n)otions  (solid, pole, a]ld occall tides, and at~nosphcric  loading). l;ach  of the locally

rcfcrcl}ccd  displaccmcI]t  vectors is then trarlsfor[[lcd  to the. sta]ldard  gcoccmtric c.oordil~atc

systeIn  via rotations like IJ,c1. (2.64). After  this t>al)sformatioll,  t}lc flllal statio]l  locatiol)  is

D. Source structure

lly analogy  with the ti]nc dcpmldcllce  of stat,io]l  coorclillatcx caused by tcctollic and  ticlal

Inotiol],  ~jossiblc no]l-stationarit,y  of radio source coorclil]at,cs  must also bc collsiclmwd. ‘JI
O a

large extent, sue}] effects can bc clilnillatcx]  by judicious clioice of objects in planning  VI, III

cwpcrimmlts.  Wit]l  t}lc cxccptiol)  of special pl]rl)osc cxpcrilncl]ts  [such as tl]osc of l,cstraclc

ct al. (1995) on radio stars], t}]e sources are w e l l  outsiclc our p~alaxy,  Cllsurillg millilnal

])ropcr  lllotioll. F!uIncrous  a s t r o p h y s i c a l  st ~lclics cluring tllc ~)ast two  decades  nave SI)OWII

that coll~])act  extragalactic raclio  sc)urces  cxl)ibit  s tructure 011 a Illilliarcseconcl  scale (e.g. ,

]{cllermallli  and  l’au]illy-’j’oth, 1981 ). Sue]] stuclies are ilnl)ortant  for dcvc]oping  nlodcls  of
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tl)e origin  o f  radio  clnissiorl of thcs(’  olj.i~>cts. Maltj  ladio source structures arc foul]d 10

be quite variab]c  with frequency and tilnc  (Zcnsus  and l)camoll,  1 987; ‘J’aylor  ci al., 1 994a,

19941~;  l’olatidis  ct al., 1995; ‘1’llakliar  C{ al., 1995). Survey  InalJs of 187 radio sources in

il)c ‘1’aylor cf al. 1994a rcfcrcllce  sl]owcd that oll]y 8 sources had structure oli a scale not

cxcccdil]g  1 mas at an observing frcqucllcy  of 5 G]lz. If cxtraga]actic  sources are to serve

as rcfcrcllcc  points ill a refercllcc  fralnc  tl~at is stable at a lCVCI of 1 lnas  or below, it is

illll)ortant  to correct for tl)c Cffccts  of their structures ill astrcJ1netric V],]]]  observatiol]s.

[;orrcctio~ls  for l,hc effects of source illtcrna]  structures arc basccl on ~vork by ‘1’homas

(1980),  (Jlvcstacl (1988), and (;har]ot (19S9, 1990a). A~aryil]gl  loll-l) oirlt-likcc  listributioll

of tllc intensity of a source  yields tin]c  dcq~elldcllt  corrections to the grou~) delay and delay

rate c)bscrvahlcs,  AT, ancl A+,, that  lnay  bc writ,tc)l  in terms of the intcmsity  dis t r ibut ion

l(s, w,t) as

wit])

and

(2.79)

(2.80)

IIcrc ~)~ is t,hc correction to the phase of tllc illconlit]g sigl~al,  s is a vector froln tllc adopted

rcfcrcncw point to a point within  t}lc source intcmsity distribution in t}lc ]~lane of tllc sky, u

al]d  A arctllc obscrvillg  frcqllcllcy and wavclcvlgtll, D tllebaselinc  vector, and thcintcgration

isovcrso]icl anglcs~. Sollrc.c  illtellsitJ’  (list  lil)[lticJ1l  nlaljsarcloost  Cc)rlvcllielltly  l)alall-lctrizc(l

ill tcrn~s of one of two lnodc]s:  supcrJ)ositiolls  of delta functio]ls  or (;aussians.  At a. givc]l

frcquc]lcy,  tllc  corrcspolldillg  illtcllsity  distributions arc writtcri  as

1(s)  =- ~sk6(r -  
Tk, y –  VA)

k

(2,81)
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or

(2.82)

w’l]crc Sk is tllc  flux of colIll)CJlicIIt  A’, and sk (W’ith cO]])])O]lC]lts  ~~, ~~ i]] tll~ ])]allC O f  the

sky) is its l)ositioll relative to the Icferc]l(c pcJillt. 1“01 Gaussial) distributio]ls,  Ok is the ang,]c

I)ci,wcc]] the lnajor axis of coIIIpoIIcIIt  k alId tllc u axis (to Iw dcfiIlcd  below),  and (a~, b~)

arc tlIc full widths at half nlaxil]mln  of tllc (Jnajor,  miller)  axes of compoJlc  Ilt k IIormalizcd

by 2@og  2. ‘1’]Ic quaniitics  Z{;} cntcrillg  t)lc structure p}lasc ~, [F;q.  (2.79)] arc

for delta functions, and

(2.8.3)

(2.84)

for (~aussialls. IIcm

(Jk=- z(cosO~-t  vsin O~ (2.8!5)

wit}l  U,V being  tile projcctioJis  of tlic baselillc  vector 11 011 tile  }Jlanc of the sky ill the it-W,

N-S dircctiolis, rcspectivcly.

hjaps ]nay t)c sl)ccificd in tcrlns o f  all arl)itrary  I)u]nbcr  o f  e i t h e r  Gaussiall or d e l t a

fullctioJl Colll])ollcvlts. A t  m o s t ,  s i x  l)aralllctcrs ]nust ].)c sl)ccifiec]  for  cac}l COIIII)OIICIIL:  i t s

l)olar coordillat,cs al]d  flux, and, for a Gaussian, its IIlajor and lnillor  axes a]ld tlIc positio]l

al)gle of tl)c lnajor  axis. ‘~’]]c structural corrcctioll  for p]lasc is coJnputcd  via ICqs.  (2.79),

(2.83),  a,,d (2.84). For t}~c ha,,dwidtl,  sy],t},csis  (lIWS) delay  observable,  tl,c s t ruc tu re

correction  is the slope of a straight line fi(, tcd  to tile individual structure phases calculated

for cacll frequmlcy  chal]llcl used during  t l]e ol)scrvatio]l. F’or cxalllplc,  for h~ark 111 data tl]crc
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arc tyl)ically  8 challllc]s  s})anlling  x8.2 to S.6 [~llz at X ba~ld,  attd 6 clian))els s~)a~)lling  x2.2

to 2.3 GIIz at S band. IIelay  rate structure corrcctio]ls  are calculat,cd  by diflermlcillg  the

s t ruc tu re  pl]ascs at the two times used to fOrIII tlIc tllcorctica]  rate c)bservablc (see Scctiori

V ) .  1]1 tllc  case  o f  dual- halid ($X) m]xvillwllts, a linear combil]ation  of the structure

corrcc.tiolls  c.alculakd illdc]mdcntly  for each l)alld  is applied to the dual-band ot>serval.)lcs.

‘1’hc practical question to be Kxolvcd  is wllct]ler SUCII structural corrmtiorls based 011

lnaps  yield sigl)ificar]t  and dckctahlc  corrcctim]s  to tl]e obse rvab le  at the ])rmmt l eve l s

of cxpcri]ncwtal  and modeling unccrtaillty. hlaps arc ava i l ab le  for only a fraction of the

many huIIdrccls of sources cumv]tly  obscrvcxl  by VI JH1. ,So Jnc of the cxtcmclcd  sources SIIOW

time varial)ility  o]) a scale of lnonths;  si]lccthc  corrections ATS all d A+s arc quite sm~sitivc

to fine details of tl~c strut.turc, in SUCII cases ncw lnaps  Iilay bc required on shori, Lilnc

scales. l)cqxnding  on the rclativc oricljtaticn]  of the source  and V],])]  baseline, tllc  delay

c.orrcction  call bc as large as 231 ])s, w]lich is c!quiva]mlt  to tcms of mn. Ncvcrtllclcss,  t he

prognosis a})pears to k good. f;llarlot (1990})) fourld  tha t  da ta  frolil a llj~llti}jlct>ascliTlc

gcoclynalnim  expcrimcmt  arc adequate to lnap  source structures with high angular resolution.

h~orcrcc(:l~tly~llarlot  (1994 )hasalso  sIlow’lltllat  llscofl~lal~s  forthcs  trllctllreo  ftl]csolllcc

3(; 273 improvcsthcfit  ill allalyscs  ofgcc~(lctic cx~)cril)~c~)ts.

ltmpirical  evaluation of I,hceffects  ofullkl]own  sc)urcc  strut.turcon \rI,l)I lneasurclncnts

could be lnadc via tile  time rates of cllaligc of tllc source  right asccnsio]l o alld dcc.lination

fi, based on a linear modclof  I,llclnotioli  of source  coorclillatcs

(2’87)

6 =- 60 -t i(i - fo) (2.88)

Nomzcro  estimates of the rate l)aramctcrs t~ alld ~ could arise either from gcliuine  l)rope]

lnotioll  or from nlotioll  of 1,1 LC effective  source  cclltroid  salnpled  by V1,li I lllcasLlrelll(’[its.

[Jnalnbiguous  illtcrprctation  of such rcs(llts  is l)rol~]elnatic , but IIon-zero rates can Lc used

as a. crude diagnostic for the prcsencc  of structure effects. Al)parcnt  source ~)ositiol]  rates
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mm) rc~)ortcd by h’la and  Shaffer (1991 ) and Jacobs  cl al .  (1993).  Sig]liflcant  rates arc

not  bclicvcd  to rcq~rcsm)t  true })ro~mr motiml, I)ut ratl]crto l>ct}]ecollscq~lc]lcec)f  a chal]gc

ill tllc  il)terf(:rcllcc}~attcrll  caused  by ejcctioll  of colnpollrllts  from tllc Cxmltral o b j e c t .

‘J’IIc J1’1,  V],]]]  cc~(lcalso  l)lovi{lcst  llc(~l~tic)ll  ofll]o(lclillg  so~lrcc  str~lct~lrcas  asupcrpo-

sitioll of tlvo 6 funct ions centjcrcd at l)oillts 1~1(~1, y] ) and li(~z,  yz) rcslwctively,  as ill }tq.

(2.81 ) above.  ‘J’hc  paranlctcrs  dcscril~il]g  the two comlwllcnts  arc: 1 ) flux ratio A’ = ,$’2/,$1,

where  ,S~ is t}lc flux of  the Ml coln})oncvlt,  2) co]])l)onclit scq)aration s = Isl = [1’1-~1[,  allcl

3) posi~io]l aliglc O. ‘J’lle })osition angle is O = 0° whcll 1)1 J’; is ill the dircztioll  of increasi-

ng dccli]lation  6, and O Z= 90° w’hml l’] l); is ill the clirection of illcrcasing  right ascension

6, IJroln [;llarlol  (1990}~), the grouI) delay  has tllc following clcpendcncc  on t}lc structural

~)aralnctcrs:

27rK (1 - K) 1{[1  - c.os(27rR)]
T =-

., (I + “RT “ ~F-fi-~0~2mlt)  ; 1]
(2.89)

Whelc

}? =- 11, s/A (2.90)

l“or cva]uatillg  partial derivatives of T that arc Iiccdcd for paranlctcr cstimatioll,  the conlpo-

IIcllt  scparatioll s and  Lasc]inc }3 arc ]tlost convcniclltly  writte][  in tcr]ns  of their colnponellts

ill tllc  cclcstial  system, as

‘l’])(v) 1{ IXXolncs

(2.91)

(2.92)

(293)

E. Transformation from terrestrial to celestial coordinate systems

‘J’hc  l;artll  is approxill~atc]y  all oblatc sl~llcroid, sl)illllillg in tllc prescllcc  of two lnassive

IIlovillg ob jec t s  (the Sun  allcl t})e MooIJ)  }vhicll  arc posit  iollcxl such  that, their tilllc-valyillg
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gravitational effects not ol)ly })roducc  tides  oll tile ltartll, but  also subject it to torques.

111 additiol],  tlic l~arth is covered by a col]ll)licatcd  fluid layer, a]]d is  ]Iot pcrfcctl~~ rigid

intcnlall-y. As a result, the orimltation  ofthc  l;arth is a very C.olnplicated  function of time,

wllicll to first order call I)c reprc.scl]tcxl  as tl)c cmnpositc  of a tilllc-varyillg  rotation  rate<, a

wobb]c,  a I)lltatio]i,  al]cl  a precession. ‘1’hc cxchallge  of angular momcmtum  bct,wccll  the solid

ltarth aIld the fluids on its surface, as ~vell as }Aw’ccn its crust al~d deeper layers, is Ilot

readily predictab]c,  and thus nlust be contitlual]y  dcicrnlillcxl  cxpcrimcntally  (Im Mou61 ct al,

1993). Nutatio]l ancl  precession are fairly well  llloclclccl  tlicoretically.  At the accuracy wit}i

W]lic]]  \~]J]~]  Call (] CtCrlllillC  tJaSC]ille  VCCtO1’S,  hOWCVC1, C\’CIl thC%C lllOdCIS  arC llOt CO1ll~)]CtC!lY

ac]equatc.

~urrc]ltly,  tllc  rotational trallsfornlatioll,  Q, of coordinates from Lhc tcrrcstria]  frarnc

to the c.elcstial geocentric. frarnc  is composed of 6 separate rotatiorls  (actually 12, since

the nutatiol],  prcccssioli,  and “perturbation” transforlnatio]lsl  IV, 1’, and f), consist of 3

traflsformatio]ls  each) applied to a vector ill tllc terrestrial systcnl:

Q = QJ’N1lXY (2.94)

111 order of appcarallcw  in l’;cl. (2.94),  thr tlallsforl]latio]ls  arc: tllc  pcrturbatiol)  rotation,

l)rcccwsion, nutation,  U’J’], and the x and  J’ colnponcllts  of polar motiorl.  All arc cliscusscd

ill detail in the following four sections. Witlk tl)is definition of Q, if rf is a station location

cxprcwscd in t  hc tcrrestria]  systcm,  c..g.,

expressed ilI the cclcstial  systmn  is

rC =

Ilc result of ltq. (2.77), tllcn  that location, rc,

Qr, (2.95)

‘J’}lis  l~articular  formulation is analogous to the llistorica]  path of ast)olnctry,  and is

couched  in that language. Wl]i]c cstllctically  ullsatisfactory  wit}l Inodcrn  Incasurelnmlt

tcchniqucs,  sucl) a fornlulation  is currcllt]y  ~)ractical  for il]tcrconlpalison  of tccllniqucs  arid

forcffccting  a smooth ilic.lusionof  t}lcilltcrfcrolllctclclata  illl,othcl onghistoricalrc  co:dof

astrolnctric  data. Much nlorc  ])leasillg  cstllctically  woulcl  bc tllc  separation of Q into two

rotation lnatriccs:
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Q ~ ~ Q,Q2 (~,g~)  -

wllerc  Q2 are those rotaticnls  to which tl]c l’;artl)  would l~c subjcctcd  if all cxtcrl]al  torques

w e r e  reIIiovcd (approxilllatc]y  {~X}” almvc),  al]d wllcrc Q] arc tllosc rotatlio]ls arising  frolr)

cxterlial t o r q u e s  (a~Jproxiltlatcly  Ql)N aboye). l’;vcll t}lc]i, the tidal  rcs})ollsc of tllc  ]flartl)

])rcvcIIts sucl]  a scl)aratiol)  frolll  bcillg l)crfcct]y  rea l i zed .  F;vclltually,  tllc  mltirc  ])roblmn of

Oljtailiillg tllc  ]natrix  Q, and tl]c tidal  cfl”ccts  011 station locations Inay bc solved llulncrically.

Note  tl~at tl~c matrices  appcaril]g  ill tllc tlallsfolI1latioll  of l’;q. (2.94) arc ]lot the salnc  as

tllosc  h i s t o r i c a l l y  u s e d  ill astrcnnctry.  Silicc WC rotate t}le Karth rathm

sljllcrc, f), 1), all c1 AI a r c  trallsl)oscs  of  tlic co]lvmltio]lal tral~sforlnations

systmn of J2000 to coordil)atm of elate,

than the cclcstial

fron] the cclcstial

1. U T 1

‘J’hc

and polar motion

first transformation, Y, is a rigl]t-llanclccl  rotation about tllc  x axis of tllc  terrestrial

fralnc by al) allglc (3Z. ~urrcntly, the tcrrcstria]  fra~nc is tllc  190 3 . 0  CIO fratnc, except tl~at

tlie  positive y axis is at 90 dcgrccs  cast (Siberia). ‘J’l)c x axis is coillciclellt  wit]) t}lc  1903.0

Illcridial]  of (~rcc]lwich,  al~d the y, axis is t}lc  1903.0 standard IJOIC.

(2.97)

‘1’lic next rotat ion in scqucllc.e  is tllc  rigilt-llalldcd  rotatiorl  (througl]  an allglc (3I a b o u t

the y axis) obtaillcd  after tllc l)rcvious  rotatiol)  has bee]) al)pliccl:

x =-

COS G) I O -- sill  E)l

0 1 0 (2.98)

III t h i s  rotatio~l,  @~ is the 11’;1{S  T pole ljositiol). Note  that, w c  IIave i]lcorporatcd  ill tl)c

Il)atrix  definitions  t}le  trallsformatioll  frol~]  tl)c lcftllalldcd  systc]ll  USCXI  }>y 1111{S to tile
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rigllt-halkdcd  systm]l wc use, Note  .31s0 that instead  of’ ll~ltS data USN] as a ljolc dcfirlitioti,

wc could illstcad  usc ally otl)cr  source of polar  lnotioll  data ]Jrovidcd it \vas rcprcxclltcd  ill

a left-llalldcd systeln. ‘J’l~co]Ily  effect lvol]ld  bea cllallgcill tllcdcfinitiol]  oftlle  terrestrial

rcfm’Ilcc  Syste!n.

‘J’IIc apI~lication  of “X}z” to a l’cctor il) tl]c terrestrial systc]ll of coordi]latcs  rx])rcsscs

that  vcctola  sit~~o~lldl~c  oljscl~~ecl  ill a(o[)lclillatef  lall]c~$l  lc)sf:zaxis  ltasalol]gtllc~]~,art]l’s

Cl)llclllcris  po]c, I’llc third  rotatioll,  U, is al~out tlIc rcwultallt z a x i s  obtaillcd  by a})plyil]g

“ X } ” . IL is a rotatioIl  t h rough  the angle,  - 11, w}]crc 11 is the hour .311glc  of tlw true

cquillox  of date (i. e., t h e  dillcdral  .aIlglc  IIlcasurcd  westward  bctweml  tllc xz plane  dcfiliccl

above  and  the mlcridial)  plallc  colltailliIlg  tllc true equil]ox of date). ‘1’llc equinox of  date

is LIIC point cldillcd  on the celestial equator  by tllc  illtcrscwtiol]  of the lncal) ecliptic with

that  equator .  ltistllati  llterscctiollJ  \'}leret  }ielllcallc  cli~>ticris  csfrolllbclo  wtllcccl~latorto

above it (ascmlding  lloclc).

[)

C’OS 11 - sill ~] o

(J =- sill  11 Cos II o (2.99)

o 0 1

‘~’llis allglc 11 isc.olnposcx] of two parts:

w’l)cre  }I? is tllc  hour angle  of tllc lnea]l cquillox  of date, a]icl o~,; (cquatiotl  of cc~uil)oxes)  is

tllc  difr(’rcllcC  in hour  allgle of tl~c true equil]ox of date al]cl tile lncall  ecluillc)x  of date, a

diflclcllc~~  wl]ic]l  is dLIe to the  Ilutatio]i  of tlie ltartll.  ‘~’llis set c)f clcfirlitiolls  is cuInljcrsoIne  al]d

coL]])les  IIut, atioll dfccts with  ltartll  rotatic)tl. IIowcver,  i]) order to l)roviclc a direct cstilnatc

of convelltiollal  l]”]’] (ulliversa]  tirnc)  it, is collvcllieIlt tc) c]ldum  this historical al)proacll,  at

least  for tllc  IIcar future.

~1’f’]  is Cl&IICd tO lN SLI& ~l]at  tl]~  }ICJUI  ~IIg]e  of t,]lc: IIlcall  equi]lox of dal,c i s  givcll I,y

tile  followil)g cxprcssiou  (Aoki ci rll., 1982; lial)lall,  1 9 8 1 ) :

/iv = [JY’1 + Ch 41’” 50s.54841 + 8640184 s.812866 7;
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+ 0s. 0 9 3 1 0 1  7: - 6’.2 x 1 0 -6 7:

wllcrc  the dilncmsioll]css  qual]tity

1: = (Julial)  U7’1 date - 2451545 .())/36525

‘J’l)c actual equivalmlt  cxl)rcssioll whic]l is coded  is:

}/T == 2n(U7’1  Julia]] day fraction) + 67310 s,54841

-i 8640184 s.8]2866 IL -1 0S.093104 ?: - 6s.2 X 10-67 : (2.103)

‘1’l)is cx])rcssion  p roduces  a  tilnc, U1’],  Jvllicll  tracks tllc  Grccnlwich  hour  allglc of tile real

SUII to wit}lin 16~’. IIowcvcr,  it really is sidereal tinle, modified to fit our illiuitivc clcsire to

have tllc  Sun directly overhead at noon oll the Grccllwich  lncridian. IIistorically,  diffcrcllccx

of Uq’] froln  a ulliforln  measure of tilne, SUCI]  as atolnic tilne, have bcc]l  usccl  in specifying

tllc  oric]ltation  of the l’;arth.

IJy the very definition of “nlcall of date” and  ‘(true of date’), nutation  causes  a cliflcrcrlcc

In tlIC ]Iour allglcs of the lncall equinox of date and  tllc true equinox of elate. ‘1’llis difference,

called  {,}]c “equation of equilloxcs” , is dc]lotcd  hy c~~i a]ld is ol~taillcd  as follc)w’s:

CYI<;  == tall-]
(9 “a’]-] (%) “ a ’ ’ - ’ ( % )

where tllc  I’cctor

(2.104)

(2.105)

is t}IC unit vector, in true equatorial coordinates of date, toward  the mean  equinox of date.

in lncal] equatorial coordinates  of date,  this same! ul]it vector  is just (1, 0,0)7’. ‘1’he lllatrix

Al- 1 is tllc  il)vcrsc (or equally, the tralls}msc)  of tile transforlnation  matrix N, w]lich  will IJO

defined below ill ltq.  (2.1 1 5), to effect t l)c trallsfc)rlnaiion  from true equatorial coordi~latcs

of elate to nlcan  equatorial coordinates of date. ‘
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It is collvel)icnt  to a})ply “UX}”)  as a p;rol]~).  ‘J’o l)alts  ill 1 0 ] 2 ,  X}’  = ]’.Y. ]]owcvc1,

with  tile sa]nc  accuracy  (JX}” # XI’’(I. Ncglcctillg  terms of 0(02) (~t’l~ich  ~)roducc  station

locatioli  errors of ap])roxilnatcly  0.006 11)111):

[

COS}I - sill II sill ElI cosll - sill  E)2si1111

(J~J’ z, sill II Cos 11 -- sill 01 sill 11 ; sill 82 cos  11

1

(2.106)

sill 6), - sill 6)2 I

o v e r  rclativc]y  sl}ort  time sImIIs, l;attll  rotation  Tllight bc modclccl a s  a  tilne-lillcar

fullctiol],  by analogy  with tectol~ic n~otioll  of t,]~c statiol]s  over ]ongcr periods. ]f I’M and

l.]’]’]  arc sylllbolizcd  by ~1-~, and  tlIc refcrmlcc  tilnc is t~, tllell this nloclel is

(2.107)

whmc  (i): arc the values of lJq’}’M at tl}c reference epoch.

a. 7’idal  U7’1’M  variations

‘1’iclally induced shifts of mass  i)) t}]e solid l’;arth, ocea]ls, al]d at]nos~)hcre  ~Jroclucc am

gular ]Ilolnellta  which must Lc redistributed in a lnanllcr  that conscrvcs  the total angul-

ar Inolncv)tu]n. ‘]’hc col]scquence.s  arc variatiolls  in tllc o r i en ta t ion  and  rotatioll  rate of

tllc l’;art]l:  n]odification  of polar Illotioll  and lJ’J’I. Such snlall effects clncrgcd  above the

detection  tllrcxllold  i~l space geodesy ilI tllc early 1990s. Modcli]lg  than is important if

cc~]ltilllcicr-level accuracy is to be attaillcd ill interpretation of V],}]] mlcasurcnnmlts.

Just as various tidal forces affect tllc station ]ocatio]]s (Sees. 11. ~.2, a - 11. ~.2.c), they

also afrcct  polar motion and  lJrl’l  (01-  3). l’;quatiol]s  si]llilar  to (2.41 ) may be written  for

cacl) of tllc  threw compo]lcnts  of ltarth orientation:

WIICKI @i (i==l ,3) sylnbolizes  each Of tl]e tll]cc  co]n])o]lC1lts  of LJrl’})M,  @io is its value  ill tlIC

absmlce  of tidal cflccts,  and  the tllrce  A tcrllis  arc the rcspcctivc  contributions of solid ];arth,

occall,  a]lcl  atmospheric tides. ‘J’l]e llcxt I,]vo sectio)ls clcscribc the current Inodcls  of solid
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al~d ocean t ide contril~utiolls  that are inlplclnoltcd  ill curtmit  V1,l~l  lnodelil]g  soft~vare.  At

])rcscnt,  ]Iot enough is kTLcnvll  about atlnosl)llcvic  tidal eflccts  to qual]tify  tllcir  colltri}~ution.

‘J’llc pioliccring  work i]) tidal efl’ects o]] IIartl]  oric]ltatioll  was tliat of Yoder  c1 al. (1 981).

IL was limited to 11’111, but included soIne ocean  cffcc.ts. ‘J’heir calculated A[J7’I  can })c

Icprc’sc!ntcd  as

(2.109)

wr})~r~ ~ (=4] ) is C}IOSCI1  to ill~][[~~ a]] t,~~r[ls  \Vjt,h  pcrjOdS from 5 to 3 5  d a y s .  ‘1’hcm  are

no lower-frequcnc,y contributions ullti] a ])c] iod of 90 days is rcacllcd.  }lowcver,  these lollg-

~)criocl terms arc already includec]  in the results reported by tllc  c.urrmlt  l~art}l-oriclltation

]ncasurcmcnt  scrviccs.  ‘J’hc  values for k;j and  Ai, along with the periods involved,  arc givc~l

i~t ‘J’able  4.37.1 of the }txplana.tory  SUIJ])lCIIICnt (SeiclclTllann et al., 1992. ) ‘1’hc ~i for z = 1,

5 arc just the five fundanlm)tal  argumwlts dcfir[cd irl ltqs. (2.1 18 - 2.1 22) as 1, 1’, J’, ~J, ancl

fl, rcspcctivc]y.

c. &eall tide 7J3’I’M  variations

llc(listlil~lltiol~ of the angular lno~nclltllln  l)roduccd  hy ocean tides  affects the l;arth’s

rotatio])  pole position a]]d velocity. ‘1’his  dTcct

1991 ). ‘J’hc  dominant effects  OII polar ]notio~l

]light]y,  II~o I~thly,  and  smnian]lual  frqumlcies.

fortnightly  arc adquatc]y  accounted for cithm

was first qualltificd  by IIroschc  ct cil. (1 989,

al~d LJ’JII are at d i u r n a l ,  sclnidiurllal,

Assunling  t]lat Ihc  frequencies s]owm’

in nlodcli~lg  combillccl  solid and  occall

folt-

thall

tidal

efl’ects  (not, s t r i c t ly  true w’itll  t}lc Yoder  m o d e l ) ,  or arc a l r e a d y  prcscmt in the a priori

lJ’I’I’M series, only tl)c diur]lal  and selllidiur]lal  frequcllcics  I)ced to I)e modeled,  11’LII  t]ler

lilnit,illg the lnodc] to tidal  conlpo]]mlts  ~vit}l  aJ)l)arcllt alnplitudcx  larger t}lan 1 ~is g i v e s

cigllt co]nl)ollcnts.
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l“or ul)ified  notation, dcfillc F)l-q = x, y polar lnotioll and U7’I,  respectively. ‘1’liml tllc

ocean  tidal effects  A(3 cau bc writtcll as

Ail and IIil arc the cosine and sine am])litu(lcs  that IIlay l~c calculated froln theoretical tidal

moclcls  (as in the work of IIroschc)  or Clllpiricalty dcterlrlincd  fro]n data (Ilerrillg  al)d IIol]g,

1 9 9 4 ;  Sovcrs,  Jacobs and  (~ross,  1993; \t~atkins  and l;allcs,  1994). ‘1’hcorctical  ca l cu la t ions

of polar mot.io]]  occall effects  have oIily very rccmltly  ap]warcx]:  Gross (1 993) used Scilcr’s

(]989-]99]  ) ocean model to cstilnatc  Ai,l_z  alld l~i,l-z (i = 2 to 7). ‘1’able IV lists th~

eight  tcrvns c.urrcnt]y  irlc]udcd  ill the rnodc]. ‘J’hcsc  Ilurncrica] cocff]cicmts  arc taken from t h e

mnpirical  results of Sovcrs cl u1. (1993); this is known in our VI,I~I C.OCIC  as tllc JP1,92  fast

lJrl’]’M model.

‘1’hc ocean tidal lJrJ’Ph4 cflccts  arc also lnoclulatcd  by the 18.6-year lunar noclc variatiorl

(A”). As in the case of occar) Ioadi*lg  station displacanml~s  (Sec. 11.(~.2.c), the co~~tributions

AOl’ of the compaYlioll tides to A(31 call bc writt,crl  as

Sillcc a rotational  frcqucl~cy of 1 (0) cycles per sidereal day (cpsd)  ill t,l)c  cclcstial  frar]lc

(S) is identical tc) a frcclucmcy of O (- 1 ) cl)sd ill tl)c l;artll-fixecl  franlc (1~), Ilutations  with

sl)acc-fixed frcc]ucncics WS coincide wit]] lw]ar  Inotio])s wit]] bocly-fixed frcqucrlcics  WB L

–1+ us. ‘J’hc  rctrograclc  parts of I,IIC polar  n~otioll tcr]ns  wit}l  c.ocfficicnts  Ail,Q and Ilil,z

c.orrcspol~dillg  to the diur]lal  tidal colnl)ol)ents  listed ill ‘J’able IV (i = 5 to 8) arc tl~us

equivalc]lt  to colnponcIlts  of  the llutatiorl  ]nodc],  ancl duc care  n~ust be takc~l  w’herl  botl)

classes of patalnctcrs  arc estimated.
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2. Nutation

Wit]l  tlIe colnplctiol]  of tllc U7’1 al)d }mlar lnotion  tIallsforlllatiol)s,  wc arc ]cft with  a

static)]) locat,  ion vccto]”,  r~Qtc. ‘1’his  is the statioll Ioc.atioIl  mlativc to true ccluatorial  celestial

c o o r d i n a t e s  of da te .  ‘1’l}e  last  set  of  tlallsfoll]latiolls arc IIutatioll,  A’, ]Jreccssion,  1’, and

t,llc p e r t u r b a t i o n  rotatiol], (1, al)plicd ill that  order . ‘1’llcse  tlallsforl]~atiolls  give tllc si,ation

locatio]l, rC, ill celestial  c(luatoria]  coordillatJcs:

~C z fll’A’r~.  tC (2.112)

‘J’hc  transfor]nation  lnatrix  AT is a composite of three separate rotat,iol]s  (MclbourI)c

cl al., 1968):

1. A(c):  true ec~uatorial  coorclil)atcs  of date to ecliptic coordinates of date,

A(E) =

1 0 0

0 Cos & sill  .c (2.113)

2. @( A#)): nutatioll  ill longitude froll~ ecliptic c.oorclillates  of date to lnca]l ecliptic

coordillatc:s  of date,

@(A@) =

Cos /!3?/1 sill A@ O

. . . sill AI/~ cos A+ O

(001

wl]crc A@ is the nutatio]l  in ecliptic longitude, allcl

(2.114)

3. A7’(z): ecliptic coordinates of date to Ineall equatorial coorclillatcs.

in cclil)tic  coordinates of date,  tllc llleall  equinox is at an a]lglc Al) = tall-1 (yT/xT).  ‘J’lle

allglc A~ =- E - z is tllc  Ilutatiol]  ill ob l iqu i ty ,  and  E is tl]c recall ob l iqu i ty  (tllc  dil]cdral

angle bctwmn  the plane of t}le ccli])tic  and  the l]]call l)lanc of the equator). ‘.hlcall” as used

ill this section implies that tllc short-} )eriod (7’ < 1 8+6 years) effects of Ilutatioll  have bccll
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WII1OI7W1.  Actually, tl)e separation hct }VCCI1 ]Iutatio]l and })rcccssioll  is rather arl~itrary,  but,

}Iistorical.  ‘1’hc cmnl)ositc  rotation  is:

A’ = A7’(F)~’1’(A~$4(C) (2.115)

It SIIOUIC1  again  bc ~Jointcd  out ~liat this  i; tlic rcvcmc of tl]c custolnary  astrollolilical  nutation.

‘1’hc 1980 lAIJ nutatio~) n~odcl  (Scidcllnalln, 1982; Kap]an, 1981)  i s  used to obtain  tllc

~’alucs of A@ and  c -- Z. ~’he ]ncan  ol~liquity  is obtained from I,icskc et al. (1977) or from

Kal)lal] (1981):

Z = 23° 26’21.’’448 - 46.’’8150 ~’ – 5.”9 X ]0-41’2 +- ].’’($]3 x ]0-37’3 (2.116)

7’ == (Julian U7’1 date - 2451545.0)/36525 (2.117)

‘J’his l]utation  in Iongitudc  (A~~) and  il] obliquity ( At == C–Z ) call bc rcprcsentcd  by a series

Cxpallsioll  of the sine.s and  cosines of lillcar  colnbitlations  of five fulldanlcrlta]  argunlmlts.

‘1’hcw arc (Kaplall, 1981; ~;allllon, 1981):

al =- 1 ❑ = 2.35554839 + 8328.69  J422887’  + 1.5180 X 10-47 ’2 + 3.1 X 10-77’3 (2.118)

2 .  tile  meall  allolnaly  of t}lc  Sulk:

oz ~ 1’:6.240035944 628.30195602Y] - 2.80 X 10- 61 ’2 ---5.8 X 10-s7’3 (2.119)

3. the n)can  argument of latitude c)f the hlooll:

(Y3 ~- 1“ ~ 1.62790193-1 8433.46615832?’ - 6.4272 X 10-51’2  -i 5.3 X 10-81’3 (2.120)
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4. tl)c nlean  elongation of tile i14001i  froln tile Su)i:

04 = 1) =- 5 .19846951 -t 7771  .37714617Y’  - 3.341 x 10-57 ’2 i 9.2 x 10-87 ’3 ( 2 . 1 2 1 )

5. tllc  lnea]l lollgitudc  of tile  asccmdi]lg  lunar IIodc:

05 =- f) == 2.18243862 -- 33.757045937” + 3.614 X 10-57’2 + 3.9 X lo-8q’3 (2.122)

Wit}l  these fundalncl]ta]  argulnclits,  tlic Illltatiol] qua]ltitics  can thcm bc rcprcscmt,cd  by

and

(2.123)

(2.124)

W}ICHC th~ various values of ~il kji, Aj, allcl IIj arc tabulated i]] ‘l’able 3.222.1 of tllc F,x-

Additimlal tcmns call bc o~)tio~lally  addccl to tllc IIutatim)s  A@ al]cl A& in ltqs,  ( 2 . 1 2 3 )

al]d (2.124). 2’}]cxc  inc]udc  the out-of-pllasc  llutatiolls,  tllc free-core  nutations  (Yoder,  1983)

with  ]Jcriod Wj (nonlinal]y  430  days ) ,  a]~d the “nutation t w e a k s ”  c5~~ and 6E, which arc

arbitrary co~lstant incrc]ncnts  of the nutation  angles A~) and A&. Unlike the usual nuta{ioll

cxpressio]ls,  the tweaks  have no tinle clqKvldeIIce.  ‘J’he out-of-phase nutatiol]s  A@O and Ac”,

which are ]Iot included ill the I All  1980 nutatiol]  series, arc identical to ltqs.  (2.123) ancl

(2.124), with tl,c rcplacmnm]ts  sin ,+ CCM:

and
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(2.126)

(2.127)

and

If t]~c free-core nutatioll  is to be retrograde, as expected  o]] Llleoretical grounds,  Wf should  be

IIcgativc. ‘1’hc llutation Inoclc] thus col]tail]s a total of 856 paralnetcrs: Aij (i= 0,3; jz=l,1  06)

a]ld IJ;j (i=.0,3;  j==] ,106) l)Ius  tllc free-)lutat ion alnp]itudcs  AIO (i==0,3),  ljiO (i=0,3).  ‘1’llc,

Ol~IY l~o]lzcro a priori a]l]plitudcs  arc t}le AOj, AIj, I)oj, B~j (j=-] ,106).

‘J’]lcllutatioll  tweaks are ju s t  collstatlt aclclitii~c:  factorst  otllc:a  ]lg]csA~~all(]A&:

and

IIeficiw)cics  ill tllc IA(J llutatioll  IIIOCIC1  bccalne  c lea r ly  cvidmlt  i)] t})c 1 9 8 0 s  (Iler]  i]lg

[i al., 1 986. ) %vcral mctllods of  correct ing i,llcvn  arc i)] C,urrmit use. ‘1’lIc  first,  possibility

is to USC mllpirically  dc%ermincci  va]ucs of tJ@, t$e that  arc available frolll  the l]~~]ls. If t}]is

olJtiol] is sclectcd, t}lc  u se r  i s  rclyillg  oli llutatioIk al~glcs  tl~at  arc dctcrlnil)cxl fro]n other

V],]]]  cx])crilncmts  IIcar tllc  d a t e  o f  illtcrcst, allcl pcrfor]nillg  illtcrpolation.  An allmrl~ativc

is to cstilllatc  6j~ al~cl 6E fro]n t}]e data during  a n a l y s i s .

Oi,lIer  options  arc to select  OIIC of ttie rccmltly  ~)ublishcd  replacmllc]lts  of tllc  1980 1~111

s e r i e s .  Z]]u d ai. (1  989, 1990)  IIavc rcfi]lc(l tllc 1980 IALJ  tllcory of  llutatiol] both  by rc-

Cwalnillillg t h e  u]lclcrlyillg l’;artll ]nocle] a~ld by  illcorJ)oratiIlg reccllt expcrilnelltal  r e s u l t s .

IImril)g (1 991)  has cxtcmdml the work  of  ZIIU ct al. allcl used gcol)llysical para]]lctcrs frol]l
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h4athc~vs  et al. (1991) to gp~c]atc  tl]c X~loA 1990-2 (Xl]u, hfathcws,  occa]]s, Ane]asticity)

IIutatioll  series. Kinoshita  and  Souc]lay (1 990) IIavc rc-cxalnincxl  the Iigid-l}arth  Ilutatio]l

tllcory,  and  included  all tcrl[ls  larger  tlian  0 . 0 0 5  mas, ill ]jarticu]ar ])lallctaly  tcr)ns IIot

l)rcscnt  in ally l)rcvious  tllcorics. ‘1’lle 263 lllllisolar  tcrlns llavc bee]l corrcctcd for tllc l;a]tl)’s

IIoll-rigic{ity  (Souchay,  1 993).

I t  sl)ould be notecl  that tile pa~wr o f  l<illosl)ita and Soucllay gives cxl)rcssiolls  f o r  the

lulliso]ar  ticlal arguments t}lat  arc slightly at variallcc  with tlIe IAU forlnu]as  prcsmltccl  above

ill l;qs.  (2.1 1 &2.1 22). ‘1’hese diffcrcmccs  IIlay be of sigllificancc  ill high-accuracy modc]ing

stuclics. ‘1’heir  cxprcxsions  for Lllc five usual argu][]cmts  (, 1’, l’, 1), and  0, as well as five

additional }Jlanctary  argunlcmts  IV) lF; , lM, ~~, and  1S arc given below (all ill Ilnits  of radians):

1. i,hc meal)  anomaly of the MooII:

CYl = 1 = 2.35555590 + 8328.691427 7’

2. the mean  anomaly of the Sun:

02 =- 1’ =. 6.24006013 -i 628.301955 7’

cY~ =- }“ == 1.62790523 -1 8433.466158 7’

4. tllc  nlcan  elongation of t}]c hloo]l froIIl tllc SUII:

04 = 1) =-- 5.19846674 -1 7771.377147 7’

5. the IIlcall  longitude of tllc ascclldillg  lunar l]ocle:

~5 z- fj z 2.18243920 - 33.757045 7’

(2.131)

(2.132)

(2.133)

(2.134)

(2,135)



‘I’lle I<illosllita-SoLlcllay  l)lallctary  contr ibut ions to A@ and A: am

(2.13 [;)

and

wl]crcI tllc  astronomical argumcvlts  are sylllbolizcd  by ~?~; the last four /3~ arc identical  wit]]

first six arc

1. tllelncan  al]olnaly  of Venus:

/?]= i},=: 3.176146697 + 1021.32855467’

3 .  tllemcan  ano]nalyof  h4ars:

13s=-lM=- 6.203480913 -{ 334.061243157’

4. tllcmcaIl  allomalyof  Jupiter:

/?~=-l.J=-  0.5!) 9546497 -1 52.96909651 7’

5. the mean anomaly  of Saturn:

/35=ls= 0.8740167h7 4 21.329909S4  7’

(i. the accumulated gcl)cral l)rcccssioll:

~~=p.= 0.024381751’ + 5,38691 x]()-~g”

(2.138)

(2.139)

(2.140)

(2.141)

(2.142)

(2.143)
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Since the prcscni stalldard  lnodcl  of llutatioll  is known to be ill error by a]nourlts  {hat

arc large ill colnpariscm to prcsmlt  l]~eas~ll[>ll-~c~lt capabi]itics,  the lntcrllatiollal  Astro]lomical

Il]]io]]  (lAIJ) coIlsidm  it i]n])ortal)t  to f o r m u l a t e  a]]d adop t  a]] i)nprovd  nutation  modd

hy 1997. A working group  is ]JIeseIIl,ly  considering varialits  of the XN40A and  I{iIlosllita-

SouclIay models in this co]IIlcction.

3. Precession

‘J’llc  nex t  trallsforlnation  iIl going froln tllc t e r r e s t r i a l  frarIlc to the cdcstial  franlc is

the rotation  1’. ‘1’his is the prcccssioIl trallsforlnation  from mean  cxluatorial  coorcliIlatcs  of

date to t]Ic cquatoria,]  coordil)atcs  of tllc rcfercncc  C})OC}I  (e.g., J2000).  As was the rlutation

lnat)rix of l’;q.  (2.1 1 5), this is a rotation  whose SCIISC  is op])osite  to that of {he convcmtiona]

astrometric prcccssiol]. It is a composite of tllrce rc)i,ations  discussed ill detail by MclhourI]c

ci al. (1968) and l.icskc  ct al. (]977):

-.—

[

1{(- z) = -

Q(f)) =-

[

}(-() ~

[

sill Z O

C.os z o

0 1 1

(2.144)

O sin @

1 0

0 C.os o

sill  < 0

Cos ( o

0 1

(2.145)

(2.146)

(2. ]47)OQ(@)}/(- z)



‘J’hc  auxiliary angles (, 0, Z dc])cl]d  01) 1)1 cccssicm Collstallts, ob]iquity,  and  tilnc as

( =- 0“.5?71?’ + 0“.3018s 7’2 + 0“.017998 7’3 (2.148)

~ = ()’’.bm~’  + ]“.()<)468  ~’2 -}  0“ .01  8203  y’3 (2.149)

@= 127’ -- ()’’.4z(j~5 ~’2 . () ’’.() 4]~33 ~’3 (2.150)

where the speeds of prcccssiol)  ill right  ascension and dc?clillation  arc, reslxxtivcly,

7 7 1  = p],.q Cos  Eo — p~,l, (2,151]

71 = ]Jl,s sill so (2.152)

and pl,s == the luni-so]ar  precession collsi,a]lt, ppz, = planetary precession col~stant,  20 == the

obliquity at J2000,  and  7’ [Ilq. (2.1 17)] is the till~c  ill ccnturicx  past J2000.  Nonlinal  values

at J2000  arc pl,s L 5038’’ .778cy,y,  pIJI,  u 10“.5526/cy;  these  yield the cxprcssiolls  givml by

l,icskc  ci al. (1977) and Kaplan  (1981):

< = 2306’’.2181  7’ -I 0 “ . 3 0 1 8 8  !/’2 -+ 0 “ , 0 1 7 9 9 8  7’3 (2.153)

@ == 2004’’.31097’ - 0“.42665 7’2 - 0“.041S33 7’3 (~.]54)

X = 2306’’ .2181 7’ -t 1“.094(N 1’2 + 0“.018203 7’3 (2.155)

1 )ircct cstinlatcx of precession corrections can bc obtained from observations. ‘J’hc most

reccmt  SUC}I  result (~}larlot  et al., 1995) indic.atcs  tliat the current lAIJ nonlinal  value of pl,s

is ill error by 3.0 milliarcscconds  ]WY year. ‘~’he ~)rcccssion matrix completes the standard

]nodc] for the orientation of the ltarth.

4. Perturbation rotation

‘1’hc standard ]nodcl for the rotatioli of tile ltartll as a whole may need a slnall incrcrlwrlta]

lotation about any onc of the resulting axes. l)cfitlc I,}lis l)crturbation  rotation lllai,rix a s

Q =- A=AgA2 (,2.156)
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Wllcl’c

H
100

A. =()] fit), (2,157)

(1 -- A@, 1

wit}]  fiE)v hciug  a slnal] aIlglc  Lmtatlioll  al)oul- tl]e y a x i s , ill tile SCIISC  of carrying z into  x;

H
1 66)2 o

A. =- -6EIZ 1 0

0 0 1

(2.159)

wit})  68= lxinga small angle  rotation about thcz axis, ill the scmseof  carry illgx  into  y. l“or

ang]cs on the order of 1 arc scconcl  wc call IIcglcct tmvns 011 the orclcr  6EI?RI,;  as they give

cflccts  011 tllc  order of 0.15 mII1. ‘1’bus, ill that  approxilnation

a’ [-!:, -:-?)

(2.160)

which is t}le sum of an offset, a t,imc-lillcar  rate, and  SOIIIC lligllcr order or oscillatory tcrlns.

Currcnltly,  oIIly  the offset and lirlcar  rate are im~)lcmlcrltccl.  ]n Particular l a non-zero value of

6GV i s  cqllivalcnt  t o  a  cllallge in t h e  l)rcxxxsioll  collstallt,  “and  6@~ is cquivalcnlt to t,}w tilnc

rate of cl IaIIgc of the obliquity E. ScttillS

gives tile  cflcct  of applyiIlg  olIly t}Ie stalldald  rotation matrices.
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Starting with the llarth-fixed vector, r o, wc l]avc ill Sections 11. ~ through 11.1; above

SIIOWJI l~ow’ we obtain the sa]nc  vector, r~, cxprxxscd  ill the cckstial frame:

(2.163)

F. Earth orbital motion

WC IIOW wish t,o t,ransfor]n  these stat iol] locatiol]s  froln a geocentric rcfcrcnce  fralnc

lnoving  wit})  the l~artl)  to a celestial rcfclencw frame wl~icll  is at rest relative to the cm]ter

of in.ass of the Solar Systc]n.  III this Solar  Systc]n  barycxmtric  (SS11)  frame we will usc these

statjol]  locations to calculate tllc  geometric delay  (SCC Section 11 .A). We will then transform

the result,illg  tin~c interval back to tllc  fralnc  ill whic}l the time clclay is actually rncasurcd

by the intcrfcronletcr  – the fralnc mlovillg  wit}]  the ]’;arth.

l,ct >;’ bc a geocentric franle moving  with vector velocity = ~c relative to a frame, X,

at rest relative  to the Solar System  ccvltcr  of mass. l’urthcr,  let r(t) be the positioli  of a

~Joint  (e.g., station location) ill space .3s a furlctioll of tilllc, i, as measured ill the }; (SS11)

franlc. II) the >-;’ (geocentric)  franlc, t}~crc is a correspondil)g  position r’(i))  as a fullctiorl

of tilnc, t.’. We normally observe  and lnoclel r’(t’)  as sllowu in Sections 11. ~ through 11.1’~.

IIowcvcr,  in order  to calculate the gcolnctric delay il] the SS11 frame (N),  we will ncwd tllc

tra]lsformations  of r(t) ant] r’(t’),  as wcl] as of i and t’, as we shift frames of refcrcn  C.C.

Mca.suril]g positions in units of lig}lt  t)avel  time, wc have from Jackson (1 975) the l,orcmtz

and  tl]c inverse transforn~ation:

~pi (2.164)

(2.165)

BP
r(t) = r’(t’)  -i (~ - 1 )r’(t’)  “ -p- -i -yflt’
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Wllelx!

~ : (] . . pz)-llz (2.168)

ljct  t] rcprCscllt  t}le t ime Incasllrcd  ilt t}]c SS11 fralne  (X), at wllicli  a w a v e  front c.rosscs

alltcl)na  1 at posi t ion rl(il). ljct rz(tl) be the lJositioIl  of alltellna  2 at this sanlc  time, as

lncasurc[l  ill the SS11 fralne. Also, let tj be the tilnc lncasurcxl ill this frame at which that

sanlc  wa,vc front i?ltcmccts  statio])  2. ‘] ’his occurs  at the posi t ion r2(tj).  l~ol]owing section

ll.A, }tc1. (2.2) wc can calculate tl)cgcol-llciric.(  lclayt~- il. ‘J’rallsforlllillgthis  timcintmwal

back  to the geocentric (N’) fralne,  wc ol~tai]l

Assunlc  furt}~er that the ]notion  of station 2 (with barycentric  velocity /32) is rectilinear over

this ti]nc interval. ‘J’his assu]nption  is IIot strictly true but, as cliscusscd 1>c1ow,  tllc  resulting

error is nluch  less Lhan 1 lnm in calculated delay. ‘J’bus,

r2(~j) =- r2(tl)  -1 @2(~j -- tI) (2170)

w]lich  gives:

(2.1’71)

‘J)llis  is t,hc cxprcssiol)  for the gcolnctric  delay that  would lJc obscrvd  in the geocentric (X’)

frame in tcmns  of the gcolnctric delay and  station positions lncasurcd in the SS11 systc]tl



Sillcc our calculation starts with statio]l  locaticjlls  given ill i,hc geocentric franlc, it is

collvclliellt  to obtain all cxprcssiol]  for [r2(t1)  – r] (t I)] il) tcvlns  of qua]] tities exl)rcsscxl  in

tlhc geoccmtric  frame. ‘1’0 obtain  such aTl cxl)ressioll cmlsiclcr  two events  [r~(t~ ), r~(t~ )] that

arc gcollletrical]y  separate, but silnultallcous,  ill i,llc gcocclltric  fralnc, and  occurrillg  at Lilnc

tj. ‘J’lIcsc  two cvm]ts appear in tllc  SS11 frwncas:

(2,173)

and  as:

(2.174)

t2--t1=-y[r~(f~)-  r~(i~)].e

With these three cquatiolls  and the cxprcssioll

r2(t2)  = r2(tl) -t @2[t2 -- tl]

(2.175)

(2.176)

wc may obtain  the vector r2(tl):

PP
r2(~l)  == rj(t~) + (-y –- l)r~(t~). –-2- -

D

‘1’llis  is the position of station 2 at tllc tilne

Pb
r2(tl)  – rl(tl) = r~(t~) - r~(~~) -1 (7 – l)[r~(~j)  --- ri(l)l “ ~

-  
7P2[ri(~;  ) -  r;(~;)l “ P (2.178)

As snow]] i]] Sec.tioll 11.A, the vectors [r2(tl)  – rl(il)] and ~z arc all that is nccclccl  to obtain

i; - 11 for the case of plane waves. l~or curved wave frollts  wc will Ilcwd to know tllc  individual

si, atio]l locatio]ls  i~l the baryc.entric  fralnc as well. ‘1’hcsc wc obtain froln  Itqs. (2.1 73) and

(2.177) with t; set equal to zero. Sc%tillg  ij = O is justified sillcc the origin of tilllc  is a~~~itrar~

whml wc arc trying  to obtail)  tinle difkmllccs.
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11) codillg  these tlallsforlllatiolls,  tllc  rclatiolls}li})  for t}lc  tlallsforlllatioli  of vclocitlics  is

also nccdcd.  ‘1’aking  cliffcrentials  of ltqs.  (2,166) and  (2.1 67) wc l]avc:

(2.179)

d = -y(dl ’ -/ dr’ . /3) (2.180)

l)ividil]~  to obtaill dr/di }VC obtai]l  fo r  station 2 ill t})c SS11 (X)  fra]ne:

(2.181)

I l+’or sta.tioll 2 relative to the geocentric. origin,  wc have from l~qs. (2,94) allcl  (2.95):

I
Al 1

(111

Whcm!

(2.182)

I WI; = 7.2921151467 x 10-5 rad/s (2.183)

is the inertial rotation rate of the }Iarth as specified in Scidelnlanll  d al. (1 992), p.51. ‘J’l)is

is l)ot a critical nu]nbcr  sillc.c it is usccl o]lly  for station vclocitics, o r  t o  ex t r apo l a t e  l;artl]

rotatio]) forward for very small fractiol)s  of a day (i. e., typically ICSS than 0.01 day = 1000

SCCOI]CIS).  Actually, t}lis  expression is a better approximation than it mig}]t  seem from the

. . (111 . — .  .-

1 jorll] sil)cc the errors 11) the approximatio]l,  –~t- = WI;,  arc very near ly  ojlsct by the eilect oi

ig~~oring the time clcl)clldencc of })N.

‘1’hc assumption of rcc.ti]inear  lnotio]] cat] be shown to result in negligible errors. lJs-

ing the plallc  wave front approxilnation  of l~k]. (2.2), wc can cstilnate the error 67 in tllc

calculated delay  due  to an error A@z ill the above value of @z:

[
6 7  =- k . [r~(i,) - r, (ii)] —--x - - - -1 - - -  - -– -  - -  - - - -L 1 = rA/3z

]-k. (Oz+  A&) ]--k. @z
(2.184)

l’urthcr,  from }tq. (2.181) above,

(2.1s<5)



Sil)cc!

“/w I + IO-* (2.186)

‘] ’]ius for t,ypic.a] ]~art}l-fixed basc]ines,  ~v}lcrc  T < ().02 s, Ilcglcct of the curvi]illear  nlotioll  of

stat, ion 2 due to the rotation of il)c Earth causes  all error of < 4 x 10–14 s, or 0.012 lnln,  ili

tllc  talc.ulatiol~ of T. SiI1lilarly,  ]Ieglcct of LIIC orbital character of the ltarth>s  lnotiol]  causes

a lnaxilnuln  error on the order of 0.0024 III In.

‘J1}IC ~Jositioll,  Rk;, a~lcl velocity, P];, C)f t}le  ltart}]’s ccrltcx  about  thc c~:I)t,~r of  mass of

tllc Solar Systcln  are:

(2.189)

}Vllcrc the illdcx  2 i]lclicatcs tllc $un, Moo]i,  and all IIille  So la r  Systel[l  ~llal[cts.  1?11 is the

Inass of the body  illdexed  by i, wlli]c Ri al]d pi arc that l~ody ’s cc]ltcr-of-]nass  p o s i t i o n

and vc]ocity  relative to the cm]ter of t}lc  ltartll  ill the barycclitric  fralnc. III a strict sm~se,

tllc  sull]lnatioll  should bc over all objects ill tllc Solar Systcln. F;xcept for the ltartll-lvlooll

SyStC]l],  e a c h  p]al]ct  lnass  rc~l)rcscllts  llot oII]y i]]at p]a])ct’s mass, bllt, a]so t])at, o f  a]] its

sat,c]lit,cs. ‘J’]Ic Ri and  pi arc obtained frolll  i,})c plallctary  cphcmcris ill t h e  J2000  franlc

(Standish,  1982, Staliclish and  Ncwhal],  1995).

Working  ill a fralllc  at rest  with  rcs~)ect to the cm)ter of mass of t]le Solar Systeln  callses

relativistic cfIcct,s  duc to the lnotion  of the Solar Systcln  i]] a ‘{fixed frallle”  to he included  ill

tllc  lncall  position of the sourc.cs and  ill t}]cir l)ropcr  Inotioxl. ‘1’here arc two effects:  geometric

and  abcvratio!ia].  ‘J1l]c gcolnctric effects of galactic rotatiol)  call be easily estir[]ated,  l!) the



vicil)ity  of the Suu, the period for galactic rotation  is approxilnatcly  2.2 X108 years.  ‘1’hus

our  angular velocity about  the galactic cm]tcr is N 27r/2.2 x 108 = 3 X 10-8 radialls/year. l;or

sources within  tllc  Galaxy, at distances ap])roxil]]ate]y  equal to our distance froln the galactic

cent,cr, therefore, the apparent positions could c.l~al)ge  by ‘= 30 nrad/yr. An intcrcontillcutat

baseline  ( 1 0 , 0 0 0  knl)  cou]d t]]Lls bc i]] error  by as ]nuc]I  as 30 cIn/yr  (1 Ilrad % 1 C]t-))

if IIleasurcrnm]ts  were }>ascd  0]1 s o u r c e s  Jvit  hill  tl)e (~alaxy. Since our distaucc  from the

galactic center is % 2.7 x 104 light- years, and  n)ost extraga]actic  radio sources arc belicvccl

to be R 109 light years distant, the potential l)aselillc error is scaled by the ratio of these two

distances, w 3 x 10 -5, aucl becomes  % 0.01 lllIn/year. l~vcn  with the present l$ycar history

of V],]]] data, the purely geometric systematic error duc to galactic rotatiol~ is probably

llcg]igib]c,  aud only CXCCCXIS  the lnillilnctcr  ]CVCI  for  sources closer  t}la~l  100 l~lillioll  light

years.

A secol~d contribution conlcs  from galactic aberration, which is treatccl  as a spcxial

relativistic effect for an observer 011 a l~lovi]lg  platform. }Ioth the galactic latitudes aud

]ongituclcx of the sources vary sinusoidally  with  the galactic rotation  period 7: == 2.2 x

108 years, amp]ituclcs  ranging over +v/c (1 ‘re]lch, 1968),  a]ld the latitude variation is also

]Jro])ortional  to the sine of tl]e latitude. ‘J’]le alnp]itudc  range is 7.5 x 10-4 radians; thL]s

over half the rot,atioua]  period at zero  galactic latitude, tllc longitude varies  by

AO =.= (2v/c)/(0.51~)  := 1.4 x 10- l]rad/yr (2.190)

[)vcr the present 15-year span of V],])]  data, t}lc  systematic  errors induced  by abcrrat  ion

arc thus 0.2 nrad (4o pas) iu angular lncasurenlc)lts, alld 2 mm  in distance  lncasurclnents

for a 10,000 knl baseline. Both are i]] the ] allgc that is currently starting  to be detectable,

and  galactic rotation

G. Antenna geometry

‘1’llcl dc’vc’lopmcmt

lllLISt K! illc,ludccl  ill (}IC Jr],}]]  nlodc] ill t}le ncal” f u t u r e .

in SCcs.  11. A to 11.1’ indicates how tllc  time delay I)1OCIC1 would bc

calculated for two points fixed with rcs]wct  to (11c l~;art}l’s  crust.  Just as the sources are
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]Iot, point-  ]ikc (Sec. 11.1)) ,  the antcvllla sysimn  likewise dots  IIot l)cccssarily  Lellavc as au

h;arthfixcd  point.  Not oIIly  arc tllcrc  instruIllclltal  dc]ays in tlIc S~StCIll,  but portions of the

aIltcl)lla  II1OVC relative to tlIc l’;arth. ‘1’0 the extcllt  that illstrulncnta]  delays arc iI)clcpc Ildcllt

of tllc  aIltcI)Ila oriclltatio]],  tlIcy arc iIl(listiIlgLlisllal~lc  to tllc intcrfcronleter  from clock offsets

and  scc.ular cl]allgcs in tl]csc oflscts.  If IIcccssary, tllcsc  illstrulnclltal  delays call bc separated

frmn clock properties by a careful caliljratioll  of cacl) antclllla  systcltl.  ‘1’llat  is a separate

prol)lmn,  trcatcxl as a calibration corrcctiol]  (e.g., ‘1’ho)nas,  1 W] ), a]lcl will not  l)e addressed

hc!rc.

IIowcvcr,  tllc  nlotions  of tllc  alltcllnas  lclative  to tllc ltarth’s  surface Inust  hc collsiderccl

since they arc part of the geometric lnodcl. A fairly  general antenna pointing system is

shown schc]natically in I“ig. 6, which a~)plics  to all alltcllnas  that  arc stccrablc  along two

coordinates. ‘1’hc unit vector, E, to the apparent source  position is showII.  IJsually,  a

sylnnletry  axis Al) will point parallc]  to ii. ‘1’hc ~)oint A o]] the figure also rcprcscnts  tllc  ctid

view of an axis which allows rotation ill t}lc ~Jla])e  ~wrpclidicular  to that axis. ‘1’his axis is

ofl’set by SOIIIC  clistancc  1, fro]]) a scconcl  rotation axis }IK. All poillts  011 this sccolld rotation

axis arc fixccl relative to the ltarih.  ~onscqumltlyl  ally point along  t}lat axis is a candidate

for tllc  fiducial point which tcrlninatcs  this  e]lcl of tllc baselillc. ‘1’hc point wc actually use

is the point l). A pla]lc  col]taillillg  tllc rotation  axis A and  pcrpcndicu]ar  to l~lt illtcrsccts

111’;  at l,llc point 1’. ‘ ‘1 his is somewhat al] arbitrary clloicc, o]lc of conceptual collvenic]lcc.

(;onsidcr  the plane Q which is pcrl)clidicular  to the antenna sylnlnctry  axis, Al), and

col~tains the antenna rotation axis A. l~or l)lal~c  wave fronts it is al] isophasc  pla~]c (it

coincides  with t}~c wave front). }1’or curved  wave fronts it deviates from  all isopllasc  surface

hy % 1,2/(2  R), where 1? is the distance to the source, al~d ], is taken as a typical antcllua

ofrsct Al). F’or 1, w 10  lnctcrs,  It = R,,,Oo,, L 601{1; N 3,6 X 108 m, and the curvature correction

1/2/(2}{)  = 1.4 x 10 -7 m is totally IIegligil]lc. 1/ has to bc 5 ktn, or 10- 31/],;, hcforc this

d e v i a t i o n  ap])roac}lcs a 1 C]II col]tril~ul,ioll  to tllc d e l a y .  Conscquc]ltly,  for all antici~)atcd

a})l)lications of radio illtcrfcroInetry  using lligll-gain raclio  antcllnas,  the  curvature  of  tlic

w a v e  frollt may bc ncglcctcd ill obtai~li]lg tlic effect of the allte~l]la orientatio]l  011 tllc tilnc
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delay.

l’rovidcx]  the instru]nmltal  clclay  of tllc alltcnna systmn  is il)dcpcrlclcmt  of t,}lc a]ltclllla

orimltatiolll  the recorded sig])al is at a col)stallt  lJltasc delay,  illdcpclldctlt  of alltclilla  oricll-

tatim], at ally poi])t on the Q p]alic. Sillc.c  this delay is iIl(listi~lgLlisllablc  from a clock Offset,

ii will ~w total]y absorbccl  by t}lat ])ortio?)  of OLIr I]lodc].

1. Axis offset

‘J]lle  advantage  of choosing tllc  Q plallc  rat}lcr  tlla]l SOIIIC other ])lanc parallel to it is that

axis A is contaillcxl in L}lis plal]c,  arlcl axis A is fixccl relative to the 111’;  axis by tile  alltcllna

Str UCtLlrC. If 1 is the lel@h of a line froln 1’ pcrpaldicmlar  to the Q plain, the wave front

will reach t}]c }tartl)-fixed point 1’ at a till~e  At = l/c after the wave front passes through

axis A. If TO is tllc Inodcl  delay for a wave front  to pass from 1) on antenna  1 to a sirnilar]y

ddillcd  point on atltcnna  2, then the ]node] for t}lc observed delay should bc anmnc]cd  as:

T == To – (Ai2  – Ail) := 70+ (I1 – ~z)/c (2.191)

where the subscripts refer to antellnas 1 and  2.

l~or  tl]c i~]clusion of this cflect  ill the Inodcl,  wc follow a treatnlcnt  givcll  by Wade (1 970).

l)cfiIIe a unit  vector ~ along 111~, in tllc SCIISC  of ])ositivc away froln the l’:arth. I“urtllcr, clcfiI)c

a vector ,  1,, froln ]) to A (1 I) 1= l,). Without  InLlcll loss  of gellcra]ity  ill this antm)l]a systclll,

wc assu]nc that 6, L, and  I arc coplanar. ‘J’}lc]l:

L  = i], –lxJ@!-
II X( SXI)I

(2.192,)

wllcrc  the l)lus or nlinus  sign is chosen to give 1, the direction from 1) to A. Wl]cnl F and  L

arc ]Jarallcl or antiparallclj if the antclllla c.o]ncs c]oscr to the source as 1. incrcasm,  tllc p l u s

sign is  USrcl. Since

J---”” -----I==; .L== 4-I. l--(3i)2

(2.193)

(~.]{).1)



WIICW tlic sign choice above is carried tlIrough.

Curvat,urc  is always a negligible  effect ill tl]c clctcmni[]atio]]  of E . I,. I,ikcwisc,  gravita-

tional  cffccis  arc sufficiently  collstalit  over a dilncllsioll  11 so as to enable Olie to  obtain a

sillglr  cartcsiall  fralnc over these dinlc  Tlsiolls, to a very good al~proxilnatioll.  (Iollscquclltly,

it is solnew]]at  easier to calculate a pro])cr  tililc  Ai =- l/c ill tl]c antcmlla ftalnc MICI to illcludc

it i]~ tl)c Inodcl  by adding it to To, taki  Ilg iI)to account  t]lc time dilation in going  from the

alitclllia  fralnc to t}lc fral])c i)] which TO is ol)taillcxl.

2. Refraction

If S0 is the u]lit vector  to the source  from t}lc antc]]r)a

the Solar  Systmnl  center of lnass,  a l,orc]~tz, transformation

in a fralnc at rest with  respect to

yields E, the (abcrrated) apparmlt

source  ullit  vector ix] the Itarth-fixed celestial fralnc. Actually, the alltcnr)a  does not “look’)

at t])e apparcv]t  source position  6, but, rat])er  at the position of the source after t}le ray path

lIas bccv]  refracted by an allglc All i~l the I;arth’s atrnosphcrc. ‘J’his effect is alreacly  illcluclcd

ill tllc  troposl)lleric  delay  corrcctioll  (Section IV. IJ); however since t,lle al]tcl)Ila  J~IOdCl uses

the al]tcl]l]a  clevatioll  angle 1~0, tlie  corrcctiol)  ]nust,  be ll~adc  }~erc as WC1l. l’or t h e  w o r s t

case (clevatioll  angle of 6°) at average I)SkT statiol~ altitudes (%1 kll]),  t}lc deflection call bc

as large as 2 x 10--3 radians. ‘1’bus, 6Z % I. All H 2 c])~ for 1. =: 10 mctcxs.  A Inoclel  option

]mrlnits  lnodification  of 3 to take attnospllcric  rcfrac.tioxl into accoul]t.  The largc-clevatiorl-

allglc al)proxi~nation  is the inverse tangmlt  latv:

A;;== 3.I3 x ]0-4/tallllo (2.195)

wl)crc 11 is the elevation al%lc, al~d Al; tl~c cllangc  froln t}lc apparcrlt  clcvatioll  Jjo illclucccl

by rcfractioll. ‘1’his Inoclcl was il]lple~llcntcd  o])ly for software colnparison  purposes, since

it gives incorrect results at low clcvatiol)  angles, III t}lc  IIotatioll  of Section IV.]], a sillglc

]Io]nogmtcous sl)hc!rical  layer a]]~)roxilllatiol]  yic]ds t}lc bc’lldillg  correction in tcrlns  of t]]c

zcllitll  troposl)llcrc  delays  pz, first ]lloll~cllt  of tbc wet trol)osl)here  refractivity Alv,ft, dry

tro~)os~)l]erc scale hcigllt  A, and II;arth radius 1<:
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Al; = C(N- l[CY)S(L’”  -1 (Fe))/(1 -1 ~’)] - GO (2.196) -

Xo ‘- k%,, -1 (’z.,, /AJud )/~ (2,197)

0’() = C(H-l [(1 + 0’)/(1  -i a)] (2.198)

u=. A/l{ (2.199)

IT’ = [ (1+  O(C7 + 2)/Sin2  /;0)”2 - 1] si])’11~ (2.200)

‘J’l]is  forlnula  agrcws with ray-tracil)g results to witl]il~  1’%0 at 6° and  %1 570 at 1° elevation,

while  the corresporlding  conllJarisolls  for Jlq. (2.1 95) give w25~o at 6° and a factor of 3 a,t

1°.

Since  wc arc given ~ in tcrmxtrial  coorclillatcx,  wc first pcrfornl  the coorciinatc  l,rarlsfor-

]Ilatio]l give]] by Q in %c.tioll 11.1’;:

Wit]l  this C1OIIC,  obtain At == //c frol~l  I;cl. (2.194). Note that for “llcarby”  sources wc also

lllust  illclucle ~Jarallax  (i. e., gcogra~)llically sc})aratc alltmlllas  arc not poi]ltirlg  ill Ll]c same

clircct, iol)).  If R. is the positio]l  of the source as scc]i froln the center of the ]tarth,  and  r is

the position of a station ill tl]c salne  fralne, tl)clI  L})c  I}ositioll  of the source relative to that

statiml is

R = 1{[) - r (2.202)

aI)d ill ltq.  (2.194) wc lnake  tllc  substitution

(2.~03)
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3. Unique antennas

OIlc of the antennas  anploycd by tllc 11{1S project of NOAA was cxtmlsivcly  USCCI  ir)
,!

V],]]]  cxpcrimcnt~did  not fall illto ally standard  ca tegory . It was ul)ique  bcxausc  it was

al) equatorial nlount  designed for ilIc latitude of Washington, 1).~,, but was deployed at

liic.hn)olld,  l’lorida u]ltil it was destroyed il] tile IIurricallc  of August 1992. ‘J’hc co~lsidcrablc

]atitudc diffcrcmcc, and the axis offset of several ~nciersj lnakc  it i~npcrativc  t}lat the alltcnna

geonlctry  bc propcr]y  nlodclcd,  1~1 the local Vl<~N c o o r d i n a t e  frame, the vcc.tor ~ i s

[- 1

sit] ~~~~~

cos ~~w sin c (2.204)

Cos ~)w Cos c

Upon transforlnatioll  to the Narth-fixed frame via the matrix VW [Eq. (2.67)], it bccomcs

[

cos A(sin @W cos ~ – cos ~w~ sin # cos () -+ sin A cos q$~ sin c

sill  A(sin ~W cos q!) -- cos +W sin ff~ cos c) – cos A cos #W sin (

sin @w sin @ + cos ~~w cos @ cos c 1

llcrc (A,+) are the liichnlond  longitude and latitude, @w is the latituclc  of

(39.060), and c == 0.12° W of N is tllc azimuth lnisalip;lllncIlt.

‘1’wo other one-of-a-kind antcn~las,  in Arecibo,  l’ucrto  Rico and Nancay,

(2.205)

Was}lington

l’rance,  arc

scldonl  LISCd ill astyoInct,  ric allc] geodetic Vi,]]] work. ‘]’hc Arccibo  antmllla  has IIardwarc

features which lnakc  it cxluivalcl)t  to an azi]nutl]-elevation nlount.  ‘J’hc Nallcay  array has

been treated by Ortega- Molina  (1 985).

4. Site vectors

hlodclillg software must provide tile facility to acid a tilnc-il~variant  offset vector in local

geodet ic  coordinates  (gcoclctic vertical, l’;ast , and North) from tl]e alltcnrla rcfcrcnlce poirlt

to a ~)oillt  c]scw]]crc,  such as a bcllchlna:k  on tl)c groulld. ‘~lhiS iS particularly Usc’fu] ill work

illvo]ving  transportab]c  a?ltcml]as  which II)ay bc ~)lacccl  ill slightly difl’ercllt  places rc]ativc

to all l;arth-fixed  bencl]lllark  each tilllc  a site is reoccupied. III nlodelillg  that offset vector,
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wc Inakc the assulll~ltioll of a  l}lal]c tallgcllt to tile gcoid a t  tllc rcfcrcv]cc  bcIiclllIlarfi allcl

assulnc tl]at the local gcoclctic vertical for the a]ltclll)a  is parallel to t}lat for t}ic txmcllI1)ark.

Wit]] tllesc  assumptions tllcrc is all idcl~titv in the adjustlnmlts  of antc~lrla  location wit]l

cllallgcs derived for tllc bcllcl~lllark locatio~). ‘J1}Ie  crroJ  i]ltroduccd  hy tllcsc  assulnptiolls  irl

a basclil~c  adjust]ncnt  is approxilnate]y  i~l~ x (d/l{}<;),  where  Al) is the basclille  adjust  !ncnt

fro]]) its a priori value, d is the! scq)aratioll of t}lc! alltcnlna froln t]lc bc]lchlnarkl  a~ld ]{I,;  is

the radius  of tl]c ltartll.  ‘1’o keep this  error s]llallcr  thall  0.1 lnl[l  for baseline adjust] nc]lts 011

tllc  ordcw of 1 Ineter, d < 600 ]nctcrs is required.

More troublesome is that all angular error 6Q ill obtaining tile  local vertical, whcII usillg

all alltcnllla whose intersection of axes is a distance, 11, above  the ground, can cause  all error

of llsiI16El  % 11661 in nlcasuring  the Lasclinc  to the benchmark (A1lcrI, 1982). lJIllcxs  this

error is already absorbed into the actual Incasurcnlcvlt  of the offset vector, care lnust be

take]] i:] scttillg up the alltcmna so as to rnakc  6(3 Ininimal.  I’or a baseline error < 1 :nnl,

and  an anten]la height  of 10 ]netcrs, 66) < 20 arcsccorlds  is  required.  Oftml l)luTnb  bobs

arc used  to locate the alltellna  posit,ioli relative to a lllark  011 the ,groulld.  ‘J’llis  IJlark is, in

turn, surveyed to the bcllchlnark. ]~vc]t t]lc difference in gc.odctic vertical froln  the vertical

dcfi Itccl by Ll]c plL]nlb  bob lnay  bc as large  as 1 arc Init]utc,  thus potentially causing an error

of 3 II]JI1 for antcllnas of hcigllt  10 lllet,crs. COIISCXlUeIltly,  great care  Illust he takerl  il; t}lcsc

)ncasurclncnts,  particularly if the site is to I)c repeatedly occupied by portable alltelll]as  of

difrcrmit  sizes.

5. Feed rotation

A]lotfIer  ])hysical effect rclatccl  to alltcll]la  structures is tllc  differential feed rotatioll  for

circularly polarizccf rcccivcrs. ‘I)his is caused  by the cllarlgillg oriclitatioll  of the clcctrolnag-

IIctic field relative  to a fixed direction 01] the celestial sl)}lerc.  IJiewcr (1985) l)as calculated

t,llc p}lase shift O for various alltcmna t,yl}cs. It is zero for equatorially  IIIOLIIIW1 alltellr]as.

F’or altazi]lluth moullts,
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tan O = cos~sill  1~/(sill  ~~cosfi - cm ~si116cos  h) (2.2?O[i)

wit]l ~~ =- station  lat, it,udcj  IL =- Iiour an~]e, a]id fi == dcclillation  o f  the  source .  F’or X-Y

l]lou]]ts,  two cases arc distil)guislled:  oricl)tatioll  N – .901  ]; - W. ‘JThf2  rcs])cctivc  r o t a t i o n

allglcs arc

tall(–0)  = sill  ~~sin h/(cos  {~cos6 -1 sill ~~sin  6COS h) (JV -- S) (2.207)

tall(–0)  =- -- cos h/(sill  fi sill  }/) (1’; - W) (2.20s)

‘J’lIc effcxt  callccls  for group  delay data, t.)ut  can bc sigylificant  for phase clclay and delay rate

data (up to 100 fs/s for tile  latter). ‘1’11[’  effect on phase  delay is

T  :-” (& - (?I)/~ (2.209)

where f is the obscrviug  frccjucncy  and  01 the phase  rotation at station i.

l’inal]y,  allothcr slnall  correction  which accounts for the effect of orielltatioll  of hour angle-

dcclil~ation  (11 A-lk) and X-Y al~tc~]llas  o]} the tropospheric path  delay was considcmxl by

Jacobs (19S8). l)etails

6. Thermal expansion

are given in tile trol)os~)l)erc  %xtion,  IV.11.

IIy analogy with the lnodcl  for atlnospllcric loading iu Sectiol] 11.~.3.a,  variations of the

tmnpcrature  cause vertical dis})lacclnel)ts  of tllc alltcn]la  rcfcrel)ce  poilltc  ‘J’llcsc  call amount

to scvera]  nlIn for ordinary diurnal  or scaso]lal telllperature  variations  for large antennas. If

Vl,l~l  data acquired under diverse wcatllcr  collditiol]s  arc to bc processed sinlultalleously,  it

lnay  I)e ilnporta]lt  to account for the vertical lnotion  of the reference point.

A rudi~ncntary  moc]el of this effect assulnes  that the vertical clisp]ac,enlcmt Ar of the

alltc]llla  rcfercllce  l)oint,  a distarlcc  h abo~’e tile ground, is

AT = (}(1’  -- Y;.,f)h (~.~]o)

w h e r e  a is tllc coeflicimlt  of t}lcrlna] cxl)allsio]i allcl 7~ej is the rcfcrerlcc  tcn~l)crature.  ‘1’llc

rcfe.rcllce I,clnpcratur-e  is takml to be equal to tile global average temperature at eacl]  station.
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or the u]liversal  average 292 K (usd in tro])os])heric  Inap])ing  in Sec. IV. }].] ) if the fcmrncr

is IJot available. A linear expansion cocfficicl)t of 12 pIJIn is appropriate for both stce] and

coIIcrcte.  ‘I)hc vertical motioli  is thus X 0.42 lIlnl/K for a 70-]0 antclllla,  l{cfincments  of the

siln~)lc  nlodc]  would have to co]]sidcr details of tlIc al]tenIla  structure, and  allow for thermal

lag rc]ativc to tllc alnbient tmn]maturc  (c g . , h~c(~illnis,  1977,  Nothllagel,  l’il}latsc}~  a n d

IIaas, 1995).

7. Antenna subreflector  focusing

Gravity  loading changes an alltcnlla’s  focal lcl@h.  Hccause  the component of the gravity

load along  the antenna’s prinlary  axis of sylllllmtry  is proportional to sin I’; (E == elevation an-

gle),  the changes in focal length also have sinusoidal clcwation clepcmdcnce.  III (~asscgrainiall

alltcnnas  tl]e subrcflcctlor  lnay  be nlovcxt  ( “autofocused”  ) to compensate for gravity dcfor-

ll]ations  and  thereby nlaintain  focus. IIowcvcr,  t]lis procf.xlurc  clocs not lnaintain  a constant

sigl)al  pat]] lcllgtll  tl)rough  t h e  alltelllla  o}~tics  and  t]lus illtroctuc.es  systelllatic errors ill the

allt(!lllla.  position clerived fronl the lllcasLllelllclIts. ‘J’his  than.gc in path must,  be modeled

for SUCII  ex]mrilncrlts,  notably the ‘J)imc and l+;a]tl] hlotio]l  l)rccision  observation (rl’l;hll’O)

l~rojcct (SLcpI)c et al., 1994 ). }“or exalnl}]c, t})e l)ecp S p a c e  N e t w o r k  alltcnnas usecl  in

‘J11’;N41)()  measurclnel)ts  arc clcsigllcd tc) l)c in focus with no subrcflcclor colnpm]sation  at

J; = 45°. IJor the I)SN 70-111 ancl 34-111  IIig,h cfficimlcy antml]las these aclctitiorlal clelays  are

cvnpiric.ally clctcrmincct  to be, in m m  ( Jacobs  and  ]{ius,  1989, 1990):

r$,(70-m)  = 7’7 sill j; - 54 (2.2]1)

TSr(34-ln)  =- 13.5si~]  l; - 9 . 8 (2,212)

,,, ,

w]icrc tllc  cocfficicnts~  known to within approxilnatc]y  5%. ‘J’his functional forln clearly

cxllibits  tile  r e l a t i o n s h i p  bctwcm) subrc{lcct,c)r  Inotioll allcl o the r  nloctel ~)aratncterso ‘1’lle

clc~’atio~)-clc]>c]lclcl~t  term biases the station vrrtical  coordinate, while tllc  constant terI]l is

ccluivalmt  to the clock oflsd.
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I l l .  CLOCK MODEL

‘J1}IC frcqllcl]cy  stal]c]ards  (’(clocks” ) at cac]l of l]]c two aI1tmlnas  arc ]Iot’tnally  iudepcnde]it

c)f cacl) other, At, tcrnpts  are nladc to syllcllro]lizc  t}ic]n  before all cxpcrillicllt  by conventional

syllc.]lrc)llizatioll  tec}liiiquc.  s, but tllcsc  tcc]llliques  alc accurate! to oll]y a few’ ~ls ill cJ)OCI) and

x 10- ]2  ill rate, More i~nporta]ltlyj  clocks ofte]l exl)ibit  “julnlm” and il)stabiliticw at a lCVCI

tl]at w o u l d  g r e a t l y  clcgrade illtcrfcroll-)t:tt’l accuracy i f  ]]ot mode l ed .  ‘1’0 accoullt for tl)mc

clock effects, an aclclitiollal “delay” 7C is il)c]udcd ill the Inodcl clclay,  a delay  that moclcls  the

bcl]avior  of a statiorl  clock as a picccw’isv  quadratic functio~) of tilnc tllrougllout,  al] obscrvirlg

scssio]].  [Jsually,  llowcvcr , oI]ly tllc lillcar  portion of this  ]nodcl  is ncwdcxl. l“cm ca.ch station

this clock lnode]  is give]]  by:

‘J’hc  rcfcrencc tin~e,  ir~f, ~nay k set by tllc user, or by dc!fau]t it is taken as the lniclpoint  of

the intcrva]  over which the a priori clock para.lnetcrs,  ~Cl, TC 2, TC3, a])p] y.

III addition to the effects of tl]c lack of s~~Ilclltollixatioll  of clocks bctwcw!l  stations, three

arc other d i f f e r en t i a l  i n s t rumen ta l  cf(ccis which lnay col]tributc  to the obscrvecl delay. lIJ

gw)cral, i t  is  adequate to ]nodc] tl~me efl’ccts  as if t,llcy  were ‘ ( c lock - l i ke” .  No te  thai, tllc

instrulnmltal effects o]) dc]ays lncasurec]  using tllc Inultifmqucrlcy  ba]ldwicltll synthesis tech -

IIique (rl’homas, 1981 )  m a y  bc cliffcrmlt  frolIl  the i]lstrulnclltal e f f e c t s  on delays  obtaiuml

f r o m  p h a s e  lncasurcmcmts  at a sillglc frcquc]lcy. ‘1’llis i s  bccausc the banclwidtl] syntl]csis

84
l)roccss obtains  grou}) clclay  f rom the Slol)c of l)llasc versus frcclum)cy  (~ = 3;) across  IIlul-

tip]c f requency scgmc])ts spanuing t}lc rccrivm passballd$ ‘1’bus, ally frecluellcy-illclcl) cllclcllt

illstrumcmtal co~ltribution  to the lneasurcd illterfcromcter  phase has no effect 011 the clelay

detcrmilied by the bandwidth synthesis tcchlliquc. IIowcvcr, if tile delay is obtaillcd climctly
~

fI’0111  t]l(’ })llaSC llWaSURIllCllt,  ~J, a t  a  giv(’11  fI’WIUCllCy,  v, thCll  thC! phase dC!lay Tl,d =  –

( 1/ )

does  have that i)lstrulnenta]  co]ltributioll.

Ilecause of this differellcc,  it is liccessary  to augr~lcnt  the ‘(clock” Inode] for ])}lasc  delay

]I]casurclllcnts:
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TC,, d = T, - {  Tc4(i  -  f~ff)  i T.s(i -  f,, f)2/2 (3.2)

wl)crc Tc is tile  clock nloclc]  for balldw’idt]l  synt]lcsis  obscrvatio]ls  and  is dcfiIlcd ill }’; q. (2.67).

Sillcc the ]Jrcscnt  systcm  measures both bandwidt]]  synthesis delay  and  phase delay  rate, all

of tl~c c.]ock ])aralnctcrs  described above  n lust  bc used. llowcwcr,  ill a ‘(perfectly” caliljratcd

illtCrfC1’O1llCtC1’,  TC4 = TC5 -— 0. ‘J’his  particular ]oodc] il)l])lcl~lcl)tatioll  allows silnultallcous

usc of delay rate data derived from pllasc  delay, with grou}) delay  data derived  by recalls  of

t,}Ic  bandwidth synthesis tccll)lique.

An options] rcfincmcmt  of the clock )nodcl  is also available. l’or cllial-f](:cl~le~lcy  (S/X)

delays, al] additional clock offset lnay  be estimated. I t  origillatcs  fro]n the diffcrclltial  ill-

strulncntal  clclay and  fringe  fitting delays for S- ant] X-balid  data, which lnay  lx sizcable.

l~or  dual-frequency obscrvablcs,  the cloCli  model  dcpcncls on this diffcrcultial instrurncmtal

delay ancl on the frccluencics  ws, WX irl t}tc i]ldiviclual  banc]s as

(3.3)

‘J’IIc difrcrclltial  instrulncmtal  clclay  ~,c is IIorlnally  highly c.orrclatcxl  with LIIC usual clock

ofisct  ~C1, but under  so~ne circumstances may col)vcy  additional information.

‘J’o ]11ocIcI  the interferometer clclay ori a givcm  baseline,  a clifferm]cc  of station clock tcrll~s

is formccl:

Tc z Tc, to,, o,, 2 - ‘c, tot:m  I (3.4)

Specification of a rcfcrcmcc clock is ullllcccssary  until  the ])aramctcr adjustlncmt  stc}),  alId

ncecl not concern us in the clcxcriptiol)  c)f tllc Inoclcl.

IV. ATMOSPHERIC DELAY

l’rior  to its arrival at each alitcl]]la ill l’;artlvbascd  cxpcrimcllts,  the raclio wave front

lnust pass through the atmospllerc. ‘]l~is  sectic)n is conccrncd  with nlodclilig  the additic)nal

clclay duc  to the atmosphere, It is collvcllicntly  diviclccl  into two parts: colltributic)lls  frolll
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c}largecl  particles in the upper atlnospllcrc  (imlosphcrc),  and neutral Inolecu]cs  ill tllc  lower

atlnosphcnw  (troposphmw).

A. Ionosphere

‘I1lIC uppmvnost  conlponcvit  of the ltartll’s atlnosphcrc,  tllc  iollospllcre,  is a layer of plaslna

at about 350 km altitude, created prilnarily  by t}lc  ultraviolet portion of the sunlight a]ld

the solar wind. in the clllasi-lp]lgitll(lillal  ap])roxilnatioll  (Spitzcr,  1 962) the refractive index

of this lncxliuln is

“= [’ ‘“ (;)2(’ q +sv’r”

where the plasma  frequency, VP, is

l,, = (P~2~o/~)”2  = ~97 x 1~’fl’”

tllc  electron gyrofrcqucmcy,  v~, is

(4.1)

(4.2)

c 11
vg=. ————

2TT71C
(4.3)

and @ is the angle  between the Inag]lctic  field 11 and  t}lc direction of propa,gatiol]  of the

wave front. }Ierc p is the nun~ber dcllsity  of the electrons, c and m arc the clec.troll  cllargc

and Inass,  To is the classical electron radius, and c is t}]c SI)CCCI of light.

‘J’ablcs V and VI give the plasnla frequency, VP) and gyrofrequency,  v~, for tllc  three

rcginlcs  of a radio signal’s ray path: }’;arth,  interplanctaryj  ancl intcrstc]lar  space. ~~ivcll  the

S-ba.lld (V .S == 2.3 (211z) and X-balld  (vX = 8.4 (Jllz)  frcquwlcics  typically used for geodetic

and astrolnctric  V],]]], the importance of correcting for plasma and gyrofrcclucnlcy call bc

~)aramctcrizcxl  by i,llc ratios of vl} allcl vg to vs a]lcl  to vx respectively.

}tclativc  to vacuuln  as a rcfcrcllcc,  the ~)hasc clelay  of a monochromatic signal traversing

this lnediuln  of refractive il)dex n is

(4.4)

81



W h e w

//;,
-,, = (;; !)[1 3 (!;) c d ) ] - ] ”

lJor 8.4 Gl]z, we lnay  ap])roxi]natc  this cfl’cct  to parts ill 106-  107 b y :

C)”(J

/

molt
q  ‘“” i p[ll == ~

(4.5)

(4.6)

(4.7)

and where ]e is the total numbm of clcc.tro]ls  pm unit area  along the intcgratccl  line of sight.

‘JThC bar symbolizes a geometrical average. If we also llcglcct  the term (Vg cos @)/v, then the
——

CXj)rC!SSiOIl  for Apd bc?c.oIncs  silnplc!  all~ iI\dcpcm~cIL~  of the geometry of t}~c travcrsa] of ~hc

wave frmlt  througl)  tllc  iollospl~crc:

A,,d = -- q/’l12 (4.8)

‘1’}lis  delay is negative. ‘1’bus, a phase aclva]lce  actually occurs  for a monochromatic signal.

Since phase delay is obtained at a single frequcl]cy, olxservab]m derived from phase delay

(c..q.,  phase clclay  rates) experience an incra]]ent whicl]  is negative (t}!c observable with the

lncdiuln  ])rcscnt  is slnaller  than it would be without t}lc ~ncdiunl).  III contrast, grou}) delays
ad>

lncasured by a technic]ue  such as bandwidth  synthesis (~g~ = ~) cxpcrie,lce  an additive

de lay  which  can bc derived froln I{:cl, (4.8) by diflcrcmtiating  @ = VAPCI with respect to

frequcmcy:

~gd = (//112 (4.9)

Notice  that the sign is now positive, though t}le  group  delay is of the sanlc  nlagnitudc  as

tllc pllasc  delay  advaricc. l’or grou]) delay  IficasllIc~]]lcI]ts, tl]c lneasurcd delay is larger  lvitll

tl]c lncdiuln  prwscmt tllall without  tl]c ~)jediul]l.

l~or  a typical ionosphere, T % 0< 1 to 2 ]]s at local  mnith for v = 8.4 Gl]z. ‘~’llis effect

has a nlaximuln  at approxilnatc]y  1400 hours local time and a broad nlinilnurn  clurillg  local
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IIigllt. l“or lollg basclillcs,  tllc dfccts at cac])  staiioll  are quite dif~crcllt. ‘1’}Ius, the cliffcrmltial

eflcct  may bc of the same  order as tllc l~)axilllu]n.

l’or tllc  intcrpla]lelary  lncxliull]  and  at all obscrvil)g  frequency of 8.4 G}lz,  a single ray

~)atll cxpcricnccs  a delay  of approxil])atc]y  (ix 10-7 s ill traversing the Solar  Systcln.  Ilow’cvcrl

tl)c diffcrclltial  delay Lmtwcml tile ray ])atlls to tlJc two stations o~l the F;arth is collsidcrably

sll]aller,  sirlcc tllc .graclicllt  I)ctwcctl tllc  two ray ])atl]s  should also bc inversely prol)oltional

to tl]c dilnellsiolls  of the plas]])a region (i. e., o]ic astrollolnical  ul)it as  OI)])OSCC1 to a few

tllousa]ld  kilo)  nctcrs), ‘1’hc ray ]Jath froln a source at a clistancc  of 1 lncgaparscc  (3 x 107

kin) cxpcrimiccs  an integrated ])laslna delay of al)proxilnatcly  5000 SCCOIICIS for a frcqucllcy

of 8.4 Gllz. III this case, however, the tyJ)ical  dilnellsioll  is also that much greater, and so

Lllc diffclcntia]  cffcctl 011 two ray paths separated by onc Earth radius is still IIot as great as

the diffcrcntia]  delays caused by the }tart}l’s  iollosphcrc.

1. Dual-frequency calibration

‘J’hcsc plasnla effects can best bc rcvnovcd  by the techl)iquc  of observing the sources at

two  frcqumlcics,  v) and vz, where v],z >> vP and where 124 -- VI l/(vz  -t v]) w 1. ‘J’lIcn  at

tile  two frcqucllcics  z/j and vz wc obtain

7,,1 :. T -{ ~[1~: (4.10)

(4!11)

Multiplyi]lg  each expression by the square of the frequcl)cy  involved a]ld subtracting, we

obtai]l
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a == v:/ ( v; - v;) (4.13)

and

b ❑ - v;/(v:  -- v;) (4.14)

“J’his  ]illcar c o m b i n a t i o n  of tile obscrval)]cs  at ttvo  frcqucllcics t}lus  relnol’es Lllc chargcc]

l)articlc contribution to t}lc delay.

For uncorrc]ated  e r r o r s  ill tile frcqucvicy willclows, tllcovcrall error ill tllcdcrivcd d e l a y

call bc ]]1oc1c1cx1 a s

(4.15)

Moclcling  of other error types is ]nore diflicult  and will not  he trcatccl  here.  Since  the values

of ii and  b are indcpcndcmt  of q, these same  ccmflicicnis  apply both  to groul) clclay and to

phase clclay.

If wc hacl not l]cglcctccl  the cflcct  of the electron gyrofrequcucy  in the ionosl)llcrc,  then

ilistcad  of ltq.  (4.1 2) above, we would }Javc obtaillccl

(4.16)

where a and  b are dcfil~cd  as in l’;qs. (4.1 3) a]ld (4.1 4 ), rcspcctivc]y.

lf wc cx~jrcws  t}lc third term ol~ tllc rig}lt-hallcl  side in units of the colltributioI]  of t}]c

iollosphcrc  at frequency vz, wc obtain

T = ~Tv2 + bTL,l -{ ~F,djlz Ug COS ~)/ [V] ( V2 + v])] (4.1’7)

h’or ~ band Apd % 0.1 to 2 ]1s at the zcmit]i. \47}IClI  using  S baud as the other frequency ill

the pair, this third term is ~ 2 x 10-4AL,d  cos @ % 0.2 to 4 ps at zalith. in the worst case of

IIigl)  ionospheric electron content, and  at lo~v elevation allglcs, this effect could reacl] 1 nlln

of total  error in dctcrmillillg  tlie  total delay usillg the silnplc  formula of ]flq. (4.1 2) above.

Notice tl]at the effect bccoIncs  ]nucl] Inorc significant, at lower frcclucncies.
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2. Total electron content

1]) tllc absence  o f  the  clual-frcqucvlcy ol)scrvatiol]

ill]l)rovc t,llc mode] of tile  illtcrfcronlcter  by lnodeling

capab i l i t y  clcscribcxl  above,  onc call

tl]e ionosp]lcrc,  usilig whatever lnca-

surcvnmlts  of tllc  total clcdron  co]ltent  arc avail aljlc. ‘1’he lnodcl  WC IIavc clIoscn  to inl~)lclllclit

is very sililp]c. Its forlnalisln  is silnilal to that of tl]c tro])ospllerc  II]odcl, cxcc~)t that, tllC!

io]losphmc  is modclcxl as a spl]crical  sl]cll  for whit}] the bottoln  is at the height hl above t}lc

geodetic surface of  t}lc l’;artll, allcl tl)c to]) of the sllcll  is at the height 112 above  that  same

surface (SCC l“ig, 7). l“or cacl) station the ionospheric delay  is n~odelccl  as

T~ : k{glJ’(J/’)/v2 (4.18)

wllcre

~ , 0.10’0

27r
(4.19)

1. is the total clec.tron content at zcmitll  (ill  electrons per meter squared x 10-17), and

g = 1 (–-1 ) for group (p}lase) delay. l!! is the apparent geoclctic elevation angle of t}lc source,

,$(1~) is a s]allt rallge  factor discussed IJCIOW,  and  v is the observing frcqum]cy  ill gigahertz.

‘1’llc slant range factor (SCC l{’ig. 7) is

J1/2 s i n2 ~; -{ 2Nhq + IL; -_ .  J--”--1/2 si112 11 + 2}/}11  -i h;
S(h’) = ----——--

}12 – 111
(4.20)

‘1’llis cxprcwsio]l  is strictly correct for a s])llcrical ltartll  of radius It, and  a source at appar-

cl]t Clcvatioll  angle I;. ‘J’lJc )nodcl eln~)loycxl  uscs this expression, wit}l  the local radills  of

c.urvaturc  of the gcoid surface at t}lc rcc.civillg  station  li takcnl to bc eclual to the dista]lcc

froln  tllc  station to the ccntcr of the lflarth. ‘J’l)c Inodcl also assulncs  this salnc  value  of 1{

call be usccl  at the ionospheric  pcneiratio]l  points, e.g.:

l{i : 1{ ‘+ }/i (4.21)

‘J’llis  is IIot strictly true, but is a very close approxill]atiol],  particularly colllparcd  to tl)c

crude IIaturc of the total electron co])te]]t  dcter]ni]latio]ls

‘J1}Ie total iol]ospllcric  coI]trihutioIl  011 a give]] bascliIlc  is
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‘J = ‘i$tattoi,  2 .~ Tiataf,o,,  ~ (4.2’2)

W C assu]llc  that the ionospllm’ic  total clectroll  contlellt, le, is the suln of two parts,  onc

obt,aillcd by sonic cxtcrna] set of lI~easurel~lcnts  such as I’araday  rotatio]l  or GI’S tcchlliqum,

and tllc  Otll ICr by some s]xxificd  additive co]istal]t:

‘1’hesc cwtcrnal  Incasurcnlmlts,  ill general, arc ]Iot along  directions in the iollosphcre  coin-

cident with the ray paihs  to the intcrfmwmctcr. ‘1’bus, for each alitcnna,  it is ncxcssary  to

]nap  a measurement ]nadc along  onc ray pat}) to the ray paths used by the interferometer.

hlany  cliflcnwnt teckniqucs  to do this ]Ilapping  have been suggested and tried; all of them

arc of dubious accuracy. In the light of these protJlcIns,  and in the anticipation that dual-

frequcncy observations will be mnploycd  for the most accurate ix]krferomctric  work, wc have

i]nplcmeIltcd  oIlly a simple  hour-angle ]napping  of the time history of the mcasurcmcnts  of

1, at a given latitude and longitude to t}]c point of interest. in this model we allow the user

to acljust  tllc  “height”, h, of tllc  ioI]os]Jherc,  but require

h, = 11- 35 kln

}tz = h -I 70 kln (4.24)

Nolnina]ly,  this “llcight’)  is takcm to hc 350 km. Scti,ing this height  to zero causes tile al-

gorithln  to igllorc the ionosphere model, as is required if dual-frequency observations have

already been  used to renlovc  the plasllla  cflects. As ill the troposphere H1OC1C1, these correc-

tions can also be incorporated as calil)rat,ions  irito the input data streanl.  ‘1’hen  the user  is

free to accept the passccl  correction, a]ld usc t}lis  lnodel  as a s]nall alteration of tllc  previously

illvokcd model, or to remove  tl)c passcc]  corrections.

‘J’hc dcficicllcics  of these ionosl)llere  ]nodcls  for sillgle-frequency observations are com-

~~outlded  by the lCIIS  effect of the solar plasma. in effect, the Solar System is a s~)herical

l)laslna  lens w}lic}l  will cause tl]c ap~jarellt ljositions  of the radio sources tc) be shifted froln



tl]cir  actual positioIls  by an a:noullt  wflticli  dcpmtds  on tl)c solar  weather al]d 011 tlIe SuII -

l~,art l]-source ang]c. Since  both  tlIc solar w’eathcr and t}lc  Surl-ltaIt})-soLlrcc at~gle  cll.mlgc

tllroug]iout  tlIc year, very accurate  si?lp;lc-flc:(]llc,Ilcy  observations over t]IC t,i IIlc scale of a

year arc virtually ilIl]lossit~lclll)less  silIlllltaIlcous  auxiliary expcriInmlts  arc ]wrforlned.

B. Troposphere

l’mnallcmt  and  iIIc{uccd  d i p o l e  InoIIIcIIts  of tl]c ]I]olecular  spccics  ]jrmcIIt  i]] tl]c atlno-

splIcrc  ~nodify its il]dcx of rcfrac.tio]l and tlIus delay the passage of radiation at lllic.rowavc

frcqucncics.  ‘J’hc  llcutral at~nospllcre  is coln~)osccl  o f  two  lnajor corlstitucl]ts,  custol~~arily

callccl  “dry” ancl “wet”. ‘J’hc  dry  J)ortioll, ljrilnarilyoxygcll  allci  llitrogcll,  i s  very  Ilcarly  ill

}Iyclrostatic  cqui]ibrium,  allcl  its effects  call he cluitc  a c c u r a t e l y  estilllatcd  silnply  by lnca-

surit]g  tllc  13arolnetric pressure at the surface. ‘1’ypically,  at sea l eve l  iI] t}]e local zerjith

direction, tllc  additional clelay  that t}lc i]lco]l]il]g  sigr)al expcriculccs  due  to tlIe troposphere

is approxiInately  6 I]ar]osccoI1ds  or 2 IIlckrs. I;XCC])L for wir]ds  aloft, unusually stro]lg  Ice

wave.s Lclli]ld  mou]ltains  (e.g., owelIs  \~allcy,  California), or very high prcs,surc  gradicllts,

aIl azi]]]ut])a]]y  sy]nrnctric.  tnodel  based 011 l]leasurc]I]c~]ts  of surface baroInctric  ~)tcssLIrc  is

col]sidcwd  adquatc. ‘J’lIc ]ilnits  of valiclity of a7,ilnutllal syln]nctry  arc startiIlg  to bc i]l-

l,~stjga,tcd  (Mac,hlil]a]],  ]995).  ]{oL@l csti II]atcs ill t~]c Ijast ]Iave ixldic.ated  t]lat,  CXCC])t iIl

tl)c ullusua]  cases Inerltiol]cd  above,  tllc error ill SUCII  an assulll~)tion  causes sub-cclltirlletcr

errors ill the basclille.

~Jnfortunatc]y,  the wet conlpol~c]lt  of t]ic! atlnos])}lcrc (bot]l  water vapor atid  condmlscd

water  ill tllc  for]n of cloLlds)  is ILOt so easily  ]Ilodclcd. ‘1’l)e  cxpcrixncmta] evidm]cc  (Iiescll,

1984)  is that it is “clumpy”, ancl not azilnllt}]al]y sy]rlnlctriq  al~out  tlIc local vertical at a lcvc]

wllic]]  CaII cause  Inally ce]]ti]ncters  of error i]) a baselillc  r]]casurc]]jcnt.  l“urtllcrInorc,  bcwause

of incolnl)ldc  ]nixing,  surface Incasurcl[lclits  arc i:laclcquatc  ill esti Inati  Ilg tl]is coI]tritjutioI)

W’hiC]l  Cvell  at ZClli~]l Call IC’adl 20 Or Go CII1.  ]dC’a]]y,  t}li S ])01’tiOIl  Of tllC trOpOSJ)]lCTiC  C] C’]aJ’

slIoLIld bc deterlnirlcd  cxpcriInclltally  at, cacll  s i t e  at tllc tiI1lc of  t]lc V],ll]  rncasuIcIIlcllts.
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‘] ’]lis  is particu]ar]y  true for s~tort  a n d  illterlllediatc (]J < ] 0 0 0  km)  basc]inesj  w]]crc t h e

clcwatiol)  allglcs of tllc two a[ltcnnas  are IIiglily correlated duri]ig  the obscrvatio])s.  011 lol]gm

basc]incs,  both the inclc]wlldellcc  of the clcvatioll  al)glcs  at the two antcl]r]as,  and the fact

that oftcm tllc  nlutual  visibility rcquircllwllts  of \’1,111 collstraill  the alltellnas  to look orlly ill

lilnitcd  axilllutllal  scciors,  allow tllc use c)f tile illtcrfcrolllctcr  data thc]nselvcs  to quantify the

effect of tl~e water vapor as part, of ille }mralneter  intimation I) IOCCSS,  l{cccmt water va])or

radiomdcr  (WV]{)  llleasllrclllclltsaloIlg  tile lillcsof  sig;llt of VI,131  obscrvatiolis  (rJ’citelbaunl

ci ul.,  1 995) yield wet troposphere delays that agree with Vljlll para?nctcr cstilnates  on Lhc

]cvcl  of a fcw Innl,  and give a threefold rcduc.tion  ill rcsicluals. Similar results have been

obtained  occasionally during the past two dec.adcs  (1’;lgcrccl cd al., 1991); it is bopccl  that

recmlt  aclvanccs in WV]{ technology will pcvmit  routine calibration of VI,}II m]easurelncllis

ill the near future. Because  state-of-the-alt  WV1{ lncasurcnlcnts  arc not presently routinely

available, \~l,131  processing software should at the nli]linmm  llavc the capability to rnodc] the

neutral atmosphere at each station as a two-colnponel]t  efI’ect, with each componcmt  being

all azill~uthally  sy]nmetric  function  of the local geodetic elevation angle.

At each  station the delay  cxpcricncrd  by the incon~illg  signal clue to the troposphere

ca]] lnost sin~p]y bc n]oclclccl  using  a s])llel  ica]-shell  troposp]lerc  consisting of wet and  dry

colnponents:

Tt,op statiov,  i  ‘ TUIC[  irop  i + Tdrv  t~op  i (4.25)

‘1’lle total troposphere clclay  H1OCICI for a givell baseli]lc  is then:

If l~i is tile apparent geoclctic clcvatioll  angle of tile  obscrvecl  source at station  i, wc have

(dropping the subscript i):

wllcrc  p~ is t}lc additional delay  at local zcllitll duc to t}le presence of I,llc troposphere, and

1{ is tllc  so-called “]nap])il)g fullctioll”.
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]“or SOI]]C  geodetic cxpcrinlellts,  (1]c observed dc]ay CaJI be accurately calil)ratcd fc)r t,lic

total tropospheric delays  at t}le  two stations, which arc ill turn  calculated or] tlic  basis of

surface pressure lncasurcmmlts for tl)c dry coli]~~o]ie]lt,  and water-vapor radiolnctcx (W\~l/)

~ncasurmncnts  for t}ie wet colnlmllcllt.  At a fixed location, the dry zcllith delay (In) is related

to Lllc surface pressure p (lnl)ar)  as

Pzd, y ==2.2768x  lo-3p/(1 - o.oo266co  s24)-o .00028}/) (4.28)

WIICIC the factor in the demo Initiator  corrects  for a noll-s~)herica]  ltartl) (Saast,  al]loil)ml, 19?2),

q+ is the station geodetic latitude [SIX }tq. (2 .68) ] ,  and 1~ is the statioll alt i tude (k~n). ‘J’}]c

wet zcl]it}l delay pZU,e, caIl  bc il)fcrmd froln W\~ll ]llcasuren~e~lts perforlncc]  ill t h e  vicillitY

of  t}lc VI JII1 stations at the tilne of tile exlJcrilnmlt. ‘J’hcse comectiotls  arc rccorclcd  ill tllc

il)put,  da t a  strcaln to tllc Inodelillg  s o f t w a r e  ill suc.11 a  wa y  that tl)ey call bc rcrnovccl arlcl

replaced by all altcrliatc lnodcl  if desired, IIi tl]c a})scllcc  of SUC1) extcrllal c.alibratio]ls, it was

found  that lnodclillg  tllc  zenith delay as a Iillear  function  of ti]nc  can inlprovc  troposphere

Inodelillg  collsidcrably.  ‘J’he  clry ancl wet zmlitll paralncters arc writtcll as

~zd,i+  = Pid,ti, +“ Fzd,”, (t ‘ h) (4.29)

Wl]cm to is a rcfcrellce  tinle. ‘1’lIc tirnc  rates of  cllal]gc.,  p~~,ti,, Illay t}lcn  bc Cstill]ated  froln

fittilig  tllc  data.

Anotl)cr  way of introducing realistic variat,iolls of tile tropos])}icre  w’itl)  both time alld

geo]nctry  is through the ‘(frozen flow” turbulc]lt  troposphere Inocic]  of ‘1’tcuhaft  and  l,a]lyi

(1987). ‘J}iis  lnodc]  provides estimates of correlations of the troposp}icric  delays observed

ill diffcrcv]t  parts of the sky at diffcrmlt  t,illlc~s. ‘1’l]e  resul t ing corrclatiorl  lnat~ix  al]]ollg

t]le obsc>rvatio]ls  call then bc il]c]udccl  ill tllc least-squares })aranlctcr  cstimatiol]  l)roccdL]rc.

Additio~lal  para!netcrs  which c]laracterizc t}le  strc]lgt}l, cxtcllt,  allc] direction  of t]le turbu]cllt

flow arc required to in)p]cnlc~)t  the ‘J’rcuhaft-l,a]lyi  lnodcl.  ‘1’l)csc  are just rccc]ltly  startillg

to be quantified, for cxall~p]c by Naudct  (1 995).



1. Mapping functions

‘1’lIc  earliest and  silnp]cst  mapping functioIJ used for Vljll] Inodcling  is that obtained

by C. C. Chao  (1 974) via analytic  fits to ray traci)lg,  a function which }Ic claimed to bc

accurak to the level of 1(% at 6° Cdwatioll  al)gle and  to }xIcoIIIc  Inucll rnorc  accura te  a t

l)ighcrclcvation  ang]cs.

WI](HT

(4.30)

A&v,u,,, = (0.00143, 0.00035) (4.31)

~~dry,u]et = (0.0445,0.017) (4.32)

hlarini (1 972)  il]troducccl  a n~appillg function  that  takes  the forlll of a contillucd  fraction,

R = —-—
1— [4.33)

a
sill  I; + — – —- --–-–- —--

b
sill  h’ + –.

S1l I 11 + c

As IIIOrC accurate nlcasurcnlcl]ts  in the 1 %S0s dcrnalldcd  II]OIC accurate troposphere Itlodc-

illg, ]]u]llerous  ilnprovecl nlappi]lg  functiolls  were developed. hJal]y  of these have :natllelllat-

ical forms  that arc variants of h~arini’s co]ltillucd  fraction, and  contaill  collsta.Llts  derived

fro]]l  ana ly t i c  fits to ray-tracillg  Icsults citllcr for sta~ldarcl  atlnospllercs or for observccl at-

mospheric  prof i les  bascxl  orl radiosollde  llleasurmncrlts< ‘1’IIc fu]lctions  of  l)avis ct aio (1985)

(C;fA),  lfadis  (1986), IIcrring  (1992) (h4rl’rl’),  allcl Nicll  (1995) (NM]”) fall il)to this  category.

So]l]c of tlleln  colltaill ~)aralllctcrs  that  ale to bc deterlniI]cd  froln s u r f a c e  ]nctcorologica]

lncasurelncllts. ‘J’hc  lfaclis  al]d Nh41° fullctio]ls  attclilpt  to rcprcsmlt  weatllcr  variations  all

alytic.ally a s  a  function  o f  tilllc o f  year alld locatiol],  and colltaill ]Io a d j u s t a b l e  })aralllctcrs.

Allotller  tropospheric rna})pillg  functiorl, duc to l,allyi (1984) is  lllliquc ill t}(at  it C1OCS lkot
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fully separate tile dry and wet Coln])olicllts  and thus gives a lnorc  faithful rcj)rcsclltatiol)

of tl)c physical effects. lt also contains  t}lc  Inost coIIiljlctc  set of atlnospllcric.  paralneters,

alld we will prcwmt  some details for tl]is re]mcsm]tative  of such a class of fullctiolls.  Several

reviews l]ave rccmltly  evaluated the lnultitudc  of tro~)osp]lcric lllappil]g  fuTlctiolls  tl)at arc

T)ow available: Gallini  (1994), Mc]Idcs and l,allgley  (1 994), ancl I’;stcfall  and Sovcrs (1994).

h40tivatioIl  for and  full details of the dcvelo])nlellt  of a Ilcw tropospheric ]lla~)~)ing  function

Were givel~ by l,anyi  (1 984). It is based  on all icleal  Inodcl at]nos~)}~crc  WI]OSC  telnpcrature  is

collstalltl from  tile  surface to the to]) of tllc inversion  layer L], tllcrl  cicxwascs linearly  with

}leight  at a rate W (lapse  rate) froln tllcrc  to the tro]mpausc Ilcight hz, allcl  is constant  agai~l

above /12. IIcre wc give only a brief  sulll)nary  of the functional forln. ‘1’he t] oposphcric  delay

is writtcm as:

Tt Top = ]’(l’J)/ siIl l; (4.34)

Whc!re

‘J’IIc quaIltitics  pz~,y and  pzU,,, have tllc  llsual Inea]li)lg: zenith dry arjd wet tropospheric

delays.  A is  the atInospllcric scale IIeigllt, A == k7~/nzg  C, k z lloltzlnal~~l)s  coIlstaIlt,  !l~ =

average surface tcInpcraturc,  m == lnca~l  Inolccular  Inass of clry air, aIld g= == gravitational

accelcratiol)  at tlIc center of gravity of tllc  air c o l u m n , With the standard valucx  k =-

1 .3806(ix10-]6 erg/K, 771 = 4.8097x10- 2:+ g, gC == 978.37 CIn/S2,  and  the average tmn])eraturc

for I)SN  stations  ~~ = 292 K, the scale height A = 8567 In. ‘]’hc dry, wet, allcl  betldillg

col~trilmtio])s  to the delay, l~.v(~;),  l’~,f{(fl), alld ~’~l,bz,bs,~d(~;),  arc expressed in tern)s  of

lno]ncnts  of the refractivity. ‘1’he latter arc eva]uatecl  for the idea] Inodcl  at]nosphcre  and

t]lus give t}lc  dcpcntdence  of t]lc tropos~}hcric dc]ay on t}lc four model  paralilcters  ~h, 1~”,

11], and  }12. Note tl]at l,allyi’s  for~nulatiolt  [P;q. (4 .35) ]  d i f fe r s  froln the silnp]e  II]odcl  [I;q.

(4.27)] i], the prcsc,,c.c of the “bending”  terll)s  1~1-4. ‘J’hesc acc.ou]lt  for the illflumice of tl]c

d ry  al]d wet collstitucllts  ill bendi~lg  tile  illco]ning  ray pa th .
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l“our lneteorological  ]Jaralllctcrs  Inay override  the default (glol~al  average) values of the

l,anyi  nlodcd.  ‘1’hfx arc: 1) the surfacclcl[l~)erat~lrc  70, w h i c h  dctmlnillcsthc  a t m o s p h e r e

scale height; 2) the tc~npcrature  Iapsc rate W, wllicll dcitmnines  the dry model pararnctcr

o; 3) tllc i]lvcrsio]l  a l t i t ude  hl, which dctcrnlil]cs  q]; a])d 4) t}m tropopausc  a l t i t u d e  hz,

wliicli  dctcmlli]ms  qz. A fifth parameter, t}]c surface  pressurepo, lnaybc  used to calibrate

tl~cdryzcl]il,h  dcday  via llq.  (4.28). ‘1’al~lc\~ll  s~lllllllalizcst  }lcfollrl  ~alalllctcrsal~cl derived

quantities, ancl their default  values. Ap])roxi~natcs cIlsitiviticsof  thctroposphcric  d~layto

the nlctcorological  paranlctcrs arc given ill the last colulnn. ‘I’hcse values arc calculated at

60clc~'atioll,  w'hic}l istl]ca ~~~~roxilllatcl  il]lito  fvali(lityo  ft}]cI,allyir  lloclel.  Aithise]evation,

tllc  ray  path traverse.sapproxilnatc]y 10 zcllith  atmospheres,

2. Antenna axis offset altitude correction

Antennas with non-zero axis offsets, whose second  rotation axis (A in P’ig.  6) lnovcs

vertically wit}) changing orientation, have  zcllitl] tro~)osphcre  delays that nlay vary hy 1 to

2 Inln over the range of availahlc  orimltations. IIquatoria]  al]d ~->’ mounts  fall ill tl~is  class.

At low clcwatio]l  allglcs this zenith variation is ]nagnificxl  by the Inappillg  fu]lctio]l to 1-2

cm. ‘J’hcsc variations lnust be modeled ill cx]mrilncnts  whose accuracies arc at the rnillirncter

level (c.~g.,  short-baseline ~)llase  delay l~l[aslllerrlerlts).  lt.eports  by Jacobs (1 988, 1991 ) derive

the corrections based  on considering o])ly the dry tropos~)llcre conlponm]t,  and include all

tcrlns  necessary to achicvc.  an accuracy of a few lnillinmters  at the lowest elcva.tions.  ‘J’l)e

corrcc.tion  to bc added  to the zenith dry tro~)osphcric  delay is

($T z -  pZd,  v(N/A) T/J (4.36)

wllcrc  11 is tl]c antcIlna  axis offsd,  A ilIc dry troposphere scale height (w 8.6 kin), and  d’

is an angular factor that \’arics  with the ty]w of n]ou I]t. F’or equatorial nlou~lts,

‘r) = Cos qf) Cos h (.1.37)
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@ =- sil) }1/(1  -- cos2O C O S 2 1 1 ) ’ / 2 (4.39)

w])crc l; is tllc  clcvatiol~  angle alld O the azi~nuth (It of N). l’illally,  for cast-west orimlt,cd

x-Y m o u n t s ,

(4.40)

V. PHASE DELAY RATE (FRINGE FREQUENCY)

‘1’lic itltcrferolneter  is capab]c  of ])roducil]g  four data tyJ)cs:  group delay, l)hasc  clelay,

alld tllcir time rates of challgc. ‘J’l)c tilne rate of cl]allgc of group  clelay earl not bc lncasured

accuratc]y  mlough  to be uscfu] for geodetic  or astromctric ]Jurposes. All the ]noc]els discussed

above  arc dircct]y applicable cithcx  to grou]) delay  or to phase delay. IIowcvcr,  tllc. ]node]

fol i,llc tilnc rate of cl]ange of  phase delay  (fringe  frcqumicy)  lnust lx ei ther  colistructed

se~)aratc]y,  ox its cq~liva]cllt  illfollllatioll  co]ltcllt obt,ailld  by forlnillg  the tiloc difference  of

two })l]asc delay values constructed froln  the delay-rate lneasurmncnlt,s as sllowl) below.  ‘1’hc

latter route  is taken ill the J]’], software, sirlce  thcm oIIly Inodels  of delay are IICWCICC1.  ‘J’}Ic

two phase c~c]ay  values, ~l,~(t + A)l usec~ to rq>I’c%c.IIt  the c]clay-rate mcasurc~ncvlt,  irlformatioI~

colltmit  are obtai]lwl  froIn the cxprmsioI)

lvllcrc T,,, (i) is t]lc IJIOCICI  used ill tile delay  cxtractiol~  ])roccssillg step, ~, (t) is tllc  rcsidua]

of tllc  obse rva t ions  froln  that, lnoclc],  alld t, is t}]c residual  delay  rate of tl]e data relative
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to tl)at ]nodcl.  ‘1’his  nlodelillg  for the delay  cxtrac.tioll  step is dcscritxx]  by ‘1’llon~as (1 981),

and  is dol]c ill analysis steps prior to and coln])lctr]y  sclJarate  froln tllc modeling  clcscrilxxl

iu tl)c present paper. ‘J’hc output  of tllcsc l)rcceding  s t e p s  is suc]t  that tlw  details of all

])roccssiug  prior to  t]lc lnodelil]g  dcscrilwd  licrc are tralls])arcnt to t h i s  ste}). Only  t o t a l

il]terfcvo]ncter  delays and  differenccd  total interfmoll~etcr  l)llasc delays (these })hase delays

arc divided by the tilllc  iuterval  of tllc dif[crcllcc)  serve as input  to t,llc filial  rncdclillg  step.

OIlc of tllc  rcc]uircmvmts  of these previous processing steps  is that the model delay used

lw acc.uratc  eIIougll  to proviclc a rcsidua] ~]}lasc  t}jat is a li]lcar f u n c t i o n  o f  tilnc o v e r  t h e

observation illtcrval rcquircx]  to obtain tl]c delay information. A lillcar  fit to this residual

phase yields the value  of +., t]lc residual (]Clay IatC’. llsing  these two Va]ucs of Tpd, obtaillc!d

froln  ltq.  (5.1) above, the phase delay  rate +K,d(t) is a})proxinlatcd  as a finite  diffcrmlcc,  It,

by tllc  following algorithnl:

1/ =  [Tpd(f -I  A) - TPd(~ - A)l/(2A) (5.2)

‘]’his  va]ue and  the g roup  de lay  mcasut’c’rncnlt,  r~d, are the two data typ(!s  that nornlally

serve as the intcrfcromcter  data input,  to IN cxplaillcd  by the model dcxcrilxxl  ill this rcl)ort.

‘] ’he software, however, a]so has t]lc op(ioll to lllodcl phase dc!]a.y, Tpd, directly. ]n t]lc ]ilnit

A - -} O, this cxpressioll  for diffcrwlcmi p]lasc delay al)~)roac}lcs  the instantarlcous  time rate

of chal~gc of phase delay  (frillgc frequcvlcy) at time t. II) practice, A must be large cnougll  to

a~,oic]  l.o[lrldofl  ~rrors  t}lat  arise  frol I1 tilki Jlg sllla]] diffcrcl]ccs of large  IIUI]ILCIS,  b~lt S} IOUIC1

also bc small enough to allow }t to be a reasonably close approximlatioll  to tllc  instantaneous

delay  rate. A suitable conlpromisc  ap})cars to be a A ill the vicinity of 1 scc.ond. l“ortunately,

tllc  capability to lnoclcl illtcrfcrolnctcr  ])crforrnarice  accurately is relatively inscnsit,ivc  to tllc

clloic.e  of A over a fairly  wide range  of values. ‘1’0 IJC s])ecific,  if Tr,d(f)  is cxpallded  to third

order in A, the nu)ncrical]y  evaluated rate bcco]ncs

‘J’]lus  the error ~nacle  iu apl)roxilnati)lg  the tilnc derivative as Ji is proportional to TP~A2.

‘1’his  term amounts to a few’ times 10 - 1s s/s for a 10,000 kln basclillc  alicl A = 2 SCC.



W. PHYSICAL CONSTANTS

N4cmt of the rrxent illllJlelllcI)tatic)l]s of V1,III  Tnodcls ill software try to adllcrc  to rccoln-

lncl~dat,iolls  of the ll~llS Stal]dards  (1 992), a])d tllc associated values of physical co]lstallts.

‘J’]IOSC Jv]lic.]1  affect  tl]c results of VI,]]]  lllodclil]g ill~}Jlcll]clltatiolls  are give]]  I)clow:

Sylllbol val~le Qualltity

c 299792.458 Velocity of light (kin/s)

7 “~ 2.817938 X 10 -]5 ~lassical  radius of tl)c clcctro]i  (]ncters)

1{]; 6378.140 l’equatorial radius of tllc  l;arth (kIIl)

w]<; 7 .2921151467 x 10-5 l{otatio~l  rate of tlic  I;ar-th (racl/s)

f 298.257 F’lattmlillg factor of tl]c gcoid

112 0.609 Vertical quadrupo]c  IJovc nu]rlbcr

12 0.0852 lIorizolltal  quaclru]]ole  l,ove nLllnber

)13 0.292 Vertical OCtLl]JO]C  l,OVC llLllllbCt’

13 0.01.51 IIorizolltal  octLIpole  IJow Ilurnt)cr

(-J Wo.wi SLlrfac.e  accclcratio]l  due to gravity  (CI11/S2)

~1’1’N 1 l’aralllctrized  post-NcwtoIlian  galnlna  factor

A1]otl)er  group of constants is associated with  tllc ~)lallciary cpl}e]ncris. ‘J’]ICSC  constal)ts

illc.lude  al l  pla~ictary  ]nasses;  t]losc ]J)ost ilf]]Jort,allt  irl 1~1,11]  IIlode]ing are:

A (J 1.495978707 x 108 Astroliolllical uriit, (krI])

Gllfs 1 . 3 2 7 1 2 4 4 0  x  1 011  Mass of SUI1 (kIn3/S2)

(;~f~<; 39s600.4356 h4ass of l~arth (krn3/s2)

A41;/h4jj~ 81.300585 l~artll/lMooll  l]]ass  r a t io

w’}]crc  the I)ulncric,al va lues  a r c  takml fro]n  i,}Ic IIlost  recellt J])],  So l a r  Syst,c]n  c~)}lclllcris,

l)lt403 (Stallclisll allcl Ncwhall,  1995).

95



VII. FUTURE MODEL IMPROVEMENTS

‘J’JIc I]1o(IC1  of V],]]]  o b s e r v a b l e  wJIIicII  was devclo])cd iII Scctiolls  11-\~ has,  Jvitll  solnc

variatio]ls,  been  usd by a nuInbm  of Icscarcll  grou])s to analyze geodetic aIld astroInctric

cxpcrirl]eIlts  duril)g  the past two dccadcm (KoIIclo  ct u1., 1992; hla ci a/., 1992; hTllOS, 1994;

Sovcrs c.i ul. , 1 993). Such analyses IIal’c IJlcsclltly rcachcc]  at] al)l)roxiI1late accuracy level of

1 cm on intercontinental baselines (1 pl)b). l)ata analysis  has l)roviclc(l  conti]luous  feedback

by cl]aracterizi]]g  previously u]lknown  and  unquat]tificd  as~mcts of the ]noclc] (e.g., nutatioll,

tidal variat ions,  tropos~)]lcrc. ) We Cx})cct  suc]l  illtcrplay  to continue  il) the future  as both

cxpcrilncmtal  and  theoretical techtliques  arc refined. “J’llis scctioll  gives brief sunllnarics  of

areas wllicll  will require close attention ill tllc future if t}lc  currm]t  V], II] ll-IOCIC]  is to bc

i]n])rovccl  to acllicve  and  surpass true })art,-pcr-billion accuracy. SOIIIC of these refirlmnerlts

arc already bei)]g incorporated in nlodelillg  software packages.

A. Relativity

Scc.olld-orcler  gcmcra] relativistic effects have not been carcful]y  il)vestigatccl,  allcl could

}mtcrltia]ly  contribute at the picosccolld  levc].

Variations of the l;arth’s  gravitational ]Jotelltial  Inust  be taken illto  accou]lt  in dcfinillg

pro])cr  lengths. ‘]’his c.orrectioll is cstill)atcd by ‘1’homas  (1991) to amount to 2 mm for a

10,000 k)n baseline. Similarly, variatiol\s  ill tllc gravitational potential at the statiol~ clocks

arc only a])proximatcly  accounted for by lncalls  of F;q. (2,34).

IIirayama cl ul. (1 987) and  P’airhead  a]ld lJrctagllon  (1990) have  cxtenclcxl  the work of

h40yer  ( 1981) on the “time cl~]]cmcris”. IIighcr-order  special relativistic terms are foullcl  to

col]tributc  to 7’I)IJ  – q’lM’ at tllc }1s levc].



B. Effects of the Galaxy

Galactic effects lnay  sow) cnlcrgc  above  tllc clctectioll thresl]old. ‘l’he rotatiollal  Inotiol]

of t}]e structure as a w’l]olc aflccts  all olxwrvatio]ls,  and  was estimated at 15 prad/yr.  It will

I]CCC1  to bc takc]l  i]lto accoul]t  for otmrvatiolls  spallnil)g  lnorc  than two decades.

C. Earth tidal models

l)irect contributiol]s  of the pla]lets  to  sol id  l;arth tidal displacelncnts  can r[!ach t h e

lnillilncter  level, and n]ay  need to k included.

In addition to the eight  frccluellcics co]lsiclcrcd  in the ]nodel described in Sectioll  11.1;.1 .a,

short-  pcriocl variations of U’I’}}M  lnay }lavc other co~nl)ollcnts sigr]ificant at the mm level

that will emerge as data analyses are lefined.

lhnpirica]  estimates of ocean loading  alnp]itudes  for several 11{1S  stations  (Sovcrs,  1994)

indicate that the best theorctical]y  derived alnplitudm  might be iIl error by several mm.

l“uturc  refinenlcmts  ill data ana lyses ,  and  itnproved  global ocean  lnodels  fronl  the recent

‘llO1’l;X/l]oscidoll  mission (Ijc l’rovost  ci al., 1 995) are cxpcctccl  to improve the accuracy

c)f tl)e occal) loading  ]node] to the m~n level,

l{esolla~lcc  with the ltarth)s  free core nutatioll  lllay Inodify  solne  of the alnplitude  c.or-

rcctions at nearly diurnal frcqucllcics  I)y ~1 ]n]n.

Ocean  tides cause Inotion  of the cclltcr  of Inass of the solid I;arth due to Inotioll  of

the center of mass of the ocea~ls (11] osc]le  al~d Wiillsc.h,  1 993). ‘1’hc amplitude of this

displaccnncnt  can bc as large as 1 CII1 at {he usual diurnal  and selnidiurnal  tidal  frcqum)cies.

Its effect on V],}{] observations n]ust  (W assessed.

‘1’hc retarded tidal potential effect ]~~el~tiollccl  ill %ction  11 .~.2.a can be as large  as several

teliths of Inm. ‘1’bus, for correct lnodcli]lg  at tl)e mIn level, the light travel tinlc s}tould  be

ac.coulltcd  for,



D. Source structure

l’;stir[)atcs of pararnctms  for si~n])lified  structural ]nodc]s lnigllt  l)rovidc  ilnprovcx]  data

allalyscs  via “poor ]nall)s nlal)ping”.

E. Earth orientation models

‘I IIJcrc arcsllort,-pcriocl dcfic.ic]lcics  ill thcprcxmlt  lAIJ modclsfor  thcoricmtatioll o f  tllc

Fkirth in space that may be as large as 1 to 2 ]Ilillialcsccoljcls, ancl longer- term dcficicncics

on the order of 1 ]ni]liarcsccond  per year (3 cm at one l’;arth r a d i u s ) .  VI,l~l nlca,surcnlcnts

nladc cluring the past clecadc indicate tllc ncml for revisions of this order of the annual

nutation  tcrnls and the precession col)stal]t  [1’;ubanks  et al. (1 985), IIerring  et al. (1%36)].

‘]’hc 1 8.6-year conlponcnts  of the IA(J Ilutatioll  series are also in error, and  present data spans

arc just approaching durations long c]lougll  to separate them from precession. Options to

improve the nutation  nlodcl  were discussed ill %ction  1 I .1’1.2. a. AIIy of these collstitute  a

IJrovisionally  in~provcxl  nlodcl,  especially for the anl]ua] and sernia]irlual  nutations,  until the

IAIJ series  is officially revised.

h’uture rciillcm~ents  of the cquatic)ll  of equinoxes [Pkq.  (2.1 04)] will probably lead  to changes

011 the order of tens of Its in t}le  ]Iour a]igle,

F. Antenna deformation

Gravity loading may cause variat,iolls ill the position of the reference l)oint of a large

an tenna  tha t  arc as large  as 1 cln ill the local  vert ical  clircction.  llicwtx  (1 986) prcscnk

cvidcnlc.e  that tl)is causes  systclnatic  Clrors and  that, t}]eir  dcpmldence  01) antcnxla  oricmtation

and tmnpcraturc  nlay  bc nlodcled.
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G. Antenna alignment

‘J’hc gcolnctric  structure of c!acll alltmllla,  as well as its aligllmcvlt with rmpcct to local

site feat,  urcs,  Should bc carefully C’ll  CCliC’d against  clcxigll  sl]ccificatior)s.  ]~’or cxal~l~]lc,  }~our

allglc lnisaliglllncl)t  o]] t}lc order of 1 arc ll]illute  call cause 1 mm delay effects  for I)SN

II A-I)cc  alltcmnas  with 7-111 axis offsets.

H. Ionosphere

‘1’hc lilnit,s  o f  valiclity o f  t,llc Clual-frcquc]lcy  calibraticnl  proccdurc  l)ccd to h ca]cful]y

establisllccf,  ill conjullctioll with consideration of plaslna effects for ray Pat,]ls  near

1]1 a d d i t i o n ,  corrcct,ions for  the gyrofrcqucllcy  effect lnay reach Inillillmtcr  orclcr.

the SuI] .

1. Troposphere

Ncw tcchniqL1cs for charactcrizi]lg the atmosp]lcrc arc cxpcctcd  to allow nlo~c real is t ic

]nodclil~g  of i,l~c  troposp})cwic  clclay  than tl)c siTnplc  spllcrical-shell rnodcl  Ulldcr]yillg  a]] the

results of SectioI] IV.}]. Wl]cIl  colll~~lc:llcllsil~e  atlnosphcric  data from a rcgiol]  surroundil]g

cacll ol~scrvillg  s i t e  arc avail  al~lc, ])rcscTlt conlputcr  s~mcds pclmit  Cstilnating  t h e  tropo-

s])]~cric. delay  by n~cans  of a co)np]ct,c  ray-tlacillg  so]utio]]  for every observation. Meanw’]li]c,

i]llprovcvnalts  iT] tropospheric lnappil]g  sl]ould Ix sought by nlodclirlg  variations of t}lc teln-

pcrature  profile as a function of scasoll, latitude, altitude, and diurnal c.yc.lc.  }tfforts arc

a l s o  ulldcr way (e.g. ,  hflach4illan, 1995) to IIlodcl  azilnutllal  graclicnlts  iTl tllc  troposl)llcrc.

l’crsistcllt equator-to-pole gradients ill ~)]cssure, telr]pcraturc,  aTld tro~)opausc  hcig])t sug-

gest  that u priori lnodcling  of north-soul,]] gradients may be bcndicial.  ]tast-west gradicvits,

which arc probab]y  domil]atcd  by wcatllm systmns  passing over a site, are likely to be II1OIC

difficult to Inodcl without cxtmlsivc  wcatfler  data.



J. Thermal effects

‘1’llcrmal  cxpallsioll  o f  tllc ~xmtio]]  o f  all antclllla  ahovc  Lllc rcfcrmlcc  ])oint will i]lducc

delay  signatures that arc W9 }js (3 Inln)  lwak-tc)-peak  for a typical 34-111  dish. It is thus

illl]wrativc to ll~odcl this cfl’cct  for ac}licvclncllt of t,lle higllcst  accuracy.

K. Phase delay rate

l{atller  than nlodcli]]g  the delay  rates as fillitc diflcrcmccs  of lnoclcl clelays,  direct analytic

expressions for derivatives of delays could be implcmclltcd,  ‘1’his  would clilnillatc clucstiol)s

concerning  the choice of the time cliflcrcvlcc  A discussed ill %ction  V. ~arc must bc  cxcv-cisccl,

however, to cusure consistency bctwecll definitions of InoclelccI  and obscrvcc]  delay rates.
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l~l(;. 1. Schmnatic V])]]] cxperinlmlt.

ll’l(; . 2. Gcolnctry  for calculatill.g tile transit tiTl)c of a plane  wave front.

1’lG. 3. Geometry for talc.ulatillg tile transit tilllc of a curved  wave front,

l’1(; . 4. Schematic representation of the geodesic collnecting  two points ill the presculcc of a grav-

itational mass.

11’lG. 5. Schematic representation of the motion  of a gravitatingobject during the transit time of

a signal  from the point of closest approach to reception by at] antenna.

l“lG. 6. Generalized schematic representation of the geometryof  a steerable antenna..

]1’IG. 7. Geometry  of the spherical ionospheric shell  used for ionospheric corrections.
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‘IIAIII,lI;S

‘1’Alll,l~I.  ‘I’ectollic  l’latcllotatio)l  Velocities: NN1/-Nuvcll  A Model

Arabia 6.685 -0.521 6.760

Australia 7.839 5.124 6.282

~aribbcan -0.17’8 --3.385 1.581

cocos --10.425 -21.605 10.925

l;urasia - 0;981 -2.395 3.153

lndia 6.670 0.040 6.790

Juan de l’uca 5.200 8.610 -5.820

Nazca -1.532 –8.577 9.609

North A1ncrica 0.258 . ..3.599 - 0.153

l)acific -1,510 4,840 -9.970

l’hilippinc 10.090 -7.160 --9.670

l{ivcra -9.390 -30.960 12.050

Scotia -0.410 --2.660 -1.270

Sout]l America –1.038 --1.515 -0.870
— .  .——. -. ————.— ——
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Compollult  ( k ) }1~ }fk ( m m )

l/)J (166<5,54) ().937 3

(165565) 0,514 50

]il (]65555) 0.520 369

(105!545) 0.526 -7

1’] (163555) 0.581 -122

01 (1.45555) 0.603 -262
. —.. _ c.:—  .— —
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‘J’AIII,lI;  111. ],unar Node ~olnpalliolis to occa~l ‘1’ides.
. . -.

i ?L~i ~~i: Relative

(:oIl”lpoIlcHt (k)l]lpallioll Amplitude
—

li~ (275555) - 1 0.0128

-i 1 4-0.2980

4 2 -i 0.0324

S’p (273555) - 1 + 0.0022

Mz (255555) -2 + 0.0005

-1 -0.0373

Nz (245655) -1 -0.0373

K, (165555) - 1 --0.0198

+1 +0.1356

42 –0.0029

1’1 (163555) -1 -0.0112

0, (145555) -- ‘2 -0.0058

-1 +0.1885

Q] (135655) - 2 -40.0057

- 1 -t 0.1884

Mj (075555) -t 1 +0.4143

-42 -10.0387

A4T,1 (065455) - 1 –0.0657

-t 1 --0.0649

s,. (057555) -i 1 –0.0247
. ..—-— — .—— — —————. . — — .—
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‘J’A]]I,}Ij ]V. ocean  ‘1’ida]ly l]iduced l’criodic VariatioI,s  ill l’olar  Motio]l  (J])I,92 hfodcl).
.—.

I1ldf?x ‘~’ide, period

i (hours)

1 1(2 11.967

2 ,$’~ 12.000

3 li!f~ 12.421

4 Nz 12.658

5 lil 23.934

6 1’, 24.066

7 @ 25.819

~ QI 26.868

k~,

o

0

0

1

0

0

0

1

kiz

o

0

0

0

0

0

0

0

Iti:j ki.1

0 0

2 -2

2 0

2 0

0 0

2 -2

2 0

2 0

ki~ 11~

o -2 -2

2 -2 101

2 -2 26

‘2 -2 -15

0 -1 -5’s3

~ -1 154

2 -I 242

2 -1 72

(pas)

65 44

283 247

56 19

2780 -2950

-152 2

-32 26

(0.1//.s)

-57 -9 26

.~g -4 52

-2 -104 1-19

-11 -23 ,20

376 35 151

-17 -32 -64

-30 -135 -166

i’ -40 -53
L——. —___V-. —-— .—— — :Z— —— -——— .- —-— —.— -— .—— —._ —

‘J’AIII,II}V.  l’lasma lYfects.
-——————— ——————.— .— .

l’lasma p(c/?/23) 1+, (M]z) (l/p/l/s) (%J1’.Y )
.— —-

l;arth’s  iollos~)}iere 10’2 8900 4 x 10-”3 ~()-3

lntcr~)lanctary lo7–lo~ 28-89 4X I0-5 ~()- 5

IIlterstellar 105 3 1.2X 10-~ 3X1 O-7
——

‘I’AIII,lI;  VI. llcwtron Gyrofrequellcy  Effects .

Magnetic field l) (gauss) (v9/v$)Z’q (~~1~)  __ :_ __ (~’g/I’X)— . —  _ _ _

l~,arth 0.2 600 3 x  10-4 7 . 5 x  10-5

IIltcrplanctary ]0-4 0.3 1.5 X10-7 3 . 2 x  10-8

IIltcmtellar ]0-6 0.003 1.5 XI0-9 3.2 X 10-]0
—_—



l’aralncter ])cfault l)crived paralnctm  and valllc Scllsitivity (6°)

70 292 }< AZ L7~/mgC= 8.567km --7 mm/K

Iy 6.8165 K/liIll n : 100 Ye/WA  = 5.0 20 mm/K/km

h, 1.25 km q] = h]/A z 0 .1459 - 20 mm/km

}/~ 12.2 km q 2 = }iz/A z 1 . 4 2 4 5 mm/km
.— —-—.— ——— . .-— — —



oSAMPLE,

DIGITIZE,

RECORD RECORD

CORRELATOR
I

dDELAY



POSITION OF STATION #2
WHEN WAVE FRONT CROSSES
IT AT TIME t;

[:*(t; )J; ] ,1

Im;-t,l POSITION OF

‘ /

\
STATION #2
AT TIME t,

POSITION OF STATION #1
WHEN WAVE FRONT CROSSES
IT AT TIME t,



#1



SOURCE N





.

As

/

‘r

\
E

\

D

— — - — — — — . .

P

B
EARTH’S suRFAcE



b

.

UPPER EDGE OF
IONOSPHERE

R

EARTH CENTER


